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Outline 7
Outline
The main topic of this thesis is a novel therapy that has been designed recently
to improve the locomotor capability of spinal cord injured (SCI) persons. The
therapy consists of walking on a treadmill in combination with a body weight
support (BWS) system. Two trainers, each one sitting at one side of the
treadmill, manually assist the walking movement of the legs of the SCI person.
This therapy owns much debt to experiments on cats since much of our
knowledge of how the neuronal system underlying human locomotion might work
is founded on cat data. Moreover, the above-mentioned gait retraining therapy for
humans is almost a copy of the one, which was developed during the experiments
for the recovery of gait in spinalized cats. Therefore, this thesis starts with a review
of the neuronal control of locomotion in cat and whether similarities extend to the
control of human locomotion (Chapter One and Two). Furthermore, it will be
discussed how this neuronal model for locomotion can possibly explain the
effectiveness of the treadmill training with BWS in both cats and humans (Chapter
Two).
From this review, it will appear that treadmill training with BWS can be
effective in improving the locomotor ability of persons with an incomplete SCI.
The improvements generally consist of an increase in walking speed, covered
distance, and ability to support body weight. Furthermore, these improvements are
accompanied by changes in the muscle activation pattern of the muscles in the
lower extremities. Usually such training starts as soon as possible in the
rehabilitation process since the spinal cord is able to reorganize shortly after injury.
Hence, we have to take into account that spontaneous recovery can play an
important role in the observed changes in walking ability. In order to rule out this
possibility, we questioned whether similar changes can be found in incomplete SCI
persons even long after injury and this will be dealt with in Chapter Three.
Even persons with a complete spinal cord lesion show alternations in muscle
activity of the lower leg muscles when trained on a treadmill with BWS. This result
suggests that the structure, generating the locomotor activity, is at least partly
located at the spinal level. Within the theoretical framework that explains the
effectiveness of the treadmill therapy in restoring locomotion, such structure is
called a central pattern generator (CPG; see Chapter One). The term CPG refers
to neural networks at spinal level that are capable of generating the basic
locomotor output in absence of any signals from efferent descending as well
afferent sources. Despite the independent character of such CPG, it has strong
links with afferent pathways. For example, it is thought that dependent on the
movement related sensory information the CPG shapes the pattern of the motor
bursts of motor neurons. However, we have to take into account that the possibility
to influence locomotor activity by way of afferent signals raises the question
whether rhythmic locomotor activity is related to the CPG or is due to reflexly
induced activity. In Chapter Four, we studied this possibility by examining the
sensitivity of Ia-afferents in the biceps femoris during human locomotion.
In order to obtain a better locomotor training program for SCI persons,
some research groups suggested to add functional electrical stimulation (FES) to
the treadmill training program (Field-Fote, 2000). FES can be used to overcome
(within certain limits) the loss of voluntary control of muscles and is used to
improve the overground locomotor mobility of SCI persons. Usually one
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considers only the direct biomechanical effect of the artificial muscle contraction.
However, most FES-applications make use of surface electrodes attached to the
skin and positioned over the muscle stimulated. Because of the aselective
character of this type of stimulation it is quite reasonable to assume that
afferents in the neighborhood of the stimulation area are electrically activated as
well and thereby evoking reflexes in muscles other than the stimulated muscle. It
is yet unknown whether such reflexes do exist when muscles are stimulated.
When the behavioral characteristics of such reflex effects are known it could
contribute to the improvement of the existing stimulation programs in
paraplegics. Chapter Five presents the results of muscle stimulation evoked
reflex activity during human locomotion.
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Chapter One
Review article (part 1)
Neural control of locomotion:
The central pattern generator from cats to humans
Abstract
In the last years it has become possible to regain some locomotor activity in
patients suffering from an incomplete spinal cord injury through intense training on
a treadmill. The ideas behind this approach owe much to insights derived from
animal studies. Many studies showed that cats with a complete spinal cord
transection could recover locomotor function. These observations were at the basis
of the concept of the central pattern generator (CPG) located at the spinal level.
The evidence for such a spinal central pattern generator in cats and primates
(including man) is reviewed in this chapter, with special emphasis on some very
recent new developments which support the view that there is a human spinal
CPG for locomotion.
Duysens J, Van de Crommert HWAA
Gait and Posture 1998; 7: 131-41.
1 Introduction
Understanding how such seemingly  ‘simple‘ and automated movements, such as
walking and running, are controlled forms a main challenge for modern
neuroscience. Somehow the central nervous system (CNS) is able to coordinate
which joint has to be moved, how far, and at what time. Such movements can only
be made properly if a set of biomechanical requirements are met using a pattern of
electrical signals sent along the nerves to activate the appropriate set of muscles.
Furthermore, the locomotor movements are continuously adapted when obstacles
are encountered, thereby ensuring the smooth progression of the ongoing
movement. Hence, out of a large flow of sensory input from the periphery the
system is able to select the most optimal context-specific information and to
incorporate this information into the executed movements.
This task is simplified by the remarkable organization of neural networks,
specialized in repeating particular actions over and over again. For many species
the cyclical patterns needed for walking, respiration, mastication or other
rhythmical activities, are generated by such neural networks. For locomotion one
usually refers to the term central pattern generator (CPG) to indicate a set of
neurons responsible for creating a motor pattern,  ‘regardless of whether all
aspects of the motor pattern of the intact animal are produced or some part is
missing‘ (Grillner and Wallen, 1985). It should be emphasized indeed that ‘pattern’
is used here in a broad sense to indicate alternating activity in groups of flexors
and extensors. Hence, it is not implied that an overground walking animal would
use exactly the same pattern of muscle activation as the one seen for example in
‘fictive locomotion’. In the latter case the animal is motionless but shows an
activation pattern which ressembles the one seen in ‘normal’ gait. During normal
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overground walking one can assume that parts of the muscle activation patterns
are not centrally generated but are reflexly induced, for example through stretch
reflexes (Perret and Cabelguen, 1980, Prochazka, 1979; Van de Crommert et al.,
1996; Wisleder et al. 1990).
The term CPG refers to a functional network, which could consist of neurons
located in different parts of the central nervous system. This network generates the
rhythm and shapes the pattern of the motor bursts of motoneurons (Grillner and
Wallen, 1985; Grillner, 1985). For the cat it is assumed that there is at least one
such CPG for each limb and that these CPGs are located in the spinal cord.
It is generally thought that the commands for initiation and termination of
these rhythm generators are coming from supraspinal levels. After gait initiation,
afferents deliver movement-related information to spinal and supraspinal levels.
Some of this feedback acts directly on the CPG to aid the phase transitions during
the step cycle thus providing the possible induction of variations to meet the
environmental demands. On the other hand, afferent feedback is more directly
connected to motor neurones through various reflex pathways and these pathways
themselves are largely under the control of the CPG. In this way it is ensured that
reflex activations of given muscles occurs only at the appropriate times in the step
cycle (phase-dependent modulation).
This very general model for locomotion, as described above briefly, is mainly
based on data obtained from experimental animals. The extrapolation of the
'animal'-model of locomotion to humans finds its basis in the implicit assumption
that no fundamental differences exist between the neural networks of humans and
other vertebrates. In the present review it will be shown that there are indeed
striking similarities between cat and human with respect to the neural control of
locomotion.
This is not to say that there are no important differences as well. The basic pattern
may be similar but amplitudes and functions of bursts of activity may differ. For
example, the cats' hip extensors are propulsion muscles during stance whereas in
humans they are dominant for balance control of the upper body (pelvis to head).
In humans the plantar flexors are by far the dominant propulsion muscles but in
cats they may be less important. The paraspinal muscles in humans are balance
control muscles but in cats they are not. During swing the similarities for hip and
knee muscles are quite good.
The practical implication of the similarity in neural control between cat an
human is that novel approaches towards the restoration of locomotor abilities in
spinal cord injured (SCI) patients can be based on findings in cats (see Chapter
Two of this dissertation). Furthermore, the possible demonstration of a CPG in
humans opens the way to entirely new approaches for experiments on humans. In
particular, attention will be given to some very recent data, obtained both on SCI
patients and on intact humans, which strongly support the view that there exists a
human CPG for locomotion. The results of experiments on cats, which have given
rise to the present existing models of locomotion, will be used as a guide and will
be compared with results obtained on humans.
2 Evidence for CPG in cat
Gait in intact animals relies on the activation and appropriate coordination of a
large variety of muscles in a given phase-dependent pattern. This pattern is to a
large extent stereotypic and, once developed, very difficult to change. For example,
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experiments in newts have shown that transplantations of flexors and extensors, or
the implantation of inverted supernumary limbs do not alter the pattern, even if this
pattern is entirely contra productive (Weiss, 1952). Similar experiments with
transplantation of antagonist muscles in cats (Forssberg and Savertengran, 1983;
Gordon et al., 1986) and rats (Sperry, 1940-1942) have confirmed this lack of
adaptability of the locomotor pattern. Why is it that the system here seems so
rigidly captured in a certain pattern and how is this pattern generated?
The classical experiments of Brown (1911; 1912) showed that cats with a
transected spinal cord and with cut dorsal roots still showed rhythmic alternating
contractions in ankle flexors and extensors. This was the basis of the concept of a
spinal locomotor center which Brown termed the ‘half-center’ model. One half of
this center induced activity in flexors, the other in extensors. Since then there have
been many replications of these early experiments (recently reviewed by
Rossignol, 1996). Some authors used the same approach as Brown and they
showed that after transection of the dorsal roots seemingly normal locomotor
outputs could be observed in spinal cats (Grillner and Zangger, 1975). However,
transection of the dorsal roots does not eliminate all afferent input to the spinal cord
because afferent information can reach the spinal cord by means of unmyelinated
(Coggeshall et al., 1973) and myelinated (Loeb, 1976) sensory fibers in the ventral
(motor) roots. As pointed out by Grillner and Zangger (1984), many of these af-
ferents come from visceral regions. Furthermore no apparent sensation is evoked
after ventral root stimulation (Coggeshall, 1980). Overall it seems quite unlikely that
these afferent ventral root fibers play a role in locomotion.
A potentially important afferent source for the generation of locomotor output
at one girdle may be the rhythmic activity generated at another girdle. Forelimb
movements may induce hindlimb stepping in forward gait. Grillner and Zangger
(1984) claimed that interlimb coordination during hindlimb walking deteriorated
following deafferentation in the ‘mesencephalic’ cat. This is a decerebrated cat
(obtained after intercollicular transection at the level of the brain stem) in which
complete quadrupedal stepping can be evoked by electrical stimulation of a
specific brainstem site below the transection (the mesencephalic locomotor region
(MLR): Shik and Orlovsky, 1976). Depending on the strength of the stimulus,
different gait patterns could be produced (walking, trotting, galloping). Termination
of locomotion could be achieved by simply removing the excitatory input to this
region (Shik et al., 1966a; 1966b; 1968). Further support for the importance of
interlimb coordination was obtained by Cruse and Warnecke (1992) in the intact
cat and by Giuliani and Smith (1987) in the chronic spinal cat. The latter authors
found that the coupling between hind leg movements during stepping in the air was
weaker following deafferentation of a hindlimb. They showed that during the
majority of locomotor movements, the bilateral stepping was characterized by
irregular phasing, with the intact hindlimb stepping at a faster frequency than the
deafferented leg.
That this interlimb coordination is not absolutely essential for the generation
of the rhythm is demonstrated by the observation that low spinal cats are able to
walk with their hindlimbs on a treadmill despite the lack of input from the forelimbs
(Forssberg et al., 1980a; b). This spinal stepping of the hindlimbs was adjusted to
the belt speed both in kittens (Forssberg et al., 1980a; b) and in adult cats
(Barbeau and Rossignol, 1987). In such cases of spinal locomotion, the activity
cannot be explained by simple stretch reflexes since activity is generated in
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periods when the muscles are not stretched (Barbeau and Rossignol, 1980).
In contrast, flexor reflexes have a much tighter relationship with the locomotor
output of spinal cats. Indeed, Brown and Sherrington (1912) emphasized long ago
the similarities between the motor output produced during the flexion phase of
stepping and the flexor reflex. In both cases there is an activation of all
physiological flexors of the leg in one single synergy. In spinal cats, after injection
with L-DOPA, Jankowska et al. (1967) showed that stimulation of the so-called
flexor reflex afferents (FRA) depressed the classical short-latency flexion
responses and instead elicited typical late long-lasting reflexes. The ipsilateral
long-latency flexor responses were coupled to the crossed extensor discharges. It
is thought that L-DOPA mimics the monoaminergic transmitters, which are
normally released by descending pathways during periods of locomotion and
facilitate the interneurones involved in the late discharges. The latter neurones
were thought to be part of the ‘spinal half-centers’, which Brown had introduced to
explain the generation of rhythmic locomotor patterns (Gossard et al. 1994;
Lundberg, 1981; see above).
2.1 Fictive locomotion
The most convincing evidence that neural networks in the spinal cord are able to
produce rhythmic output was obtained by experiments in which such output is
generated although movement related afferent input is completely eliminated
through blocking of the movement. This can be achieved by either injection of
neuromuscular relaxants (Perret and Cabelguen, 1980) or transection of the
efferent nerves at the ventral root or at the muscle nerve level. By recording the
output of efferent nerves at the ventral root, rhythmic periods of activity which were
reciprocally organized between agonists and antagonists (‘fictive locomotion’) was
demonstrated in both cats' hindlimb (Chandler et al., 1984; Fleshman et al., 1984;
Floeter et al., 1993) and forelimb (Amenemiya and Yamaguchi, 1984; Miller et al.,
1975; Yamaguchi, 1992). Under these conditions, rhythmic sensory input is absent
but static afferent information (for example related to hip position) remains and can
influence the CPG. This can only be eliminated by combining the curarization with
extensive denervation (Grillner and Wallen, 1985).
The demonstration of fictive locomotion is evidence that neural networks in
the isolated spinal cord are capable of generating rhythmic output (reciprocally
organized between agonists and antagonists) in absence of any signals from
efferent descending as well as movement related afferent sources. The networks
producing the locomotor pattern are referred to as central pattern generators
(CPGs).
Despite the impressive capability of the isolated cat spinal cord to generate
rhythmic output, very similar to that seen in intact animals, one should keep in mind
that this output is always the reflection of a severed spinal cord in which the circuits
involved receive abnormal input. Apart from the clear observations of rhythmic
output also other features, not present in the intact cat, were seen. For example,
the locomotor pattern elicited under above mentioned conditions had in common
that the locomotor pattern could be maintained but became much more fragile and
could break down (Grillner and Wallen, 1985). In addition, it was questioned
whether some of the patterns described in the literature could be related to forward
locomotion, since the fictive pattern often more closely resembled backward
locomotion (Buford and Smith, 1990). Furthermore, Pearson and Rossignol (1991)
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showed that also other patterns, for example related to paw shake or to rhythmic
leg flexion, could occur during fictive locomotion of chronic spinal cats.
The similarities between fictive and real locomotion patterns do not exclude
the possibility that in intact animals some of the locomotor output is not centrally
generated but is derived from reflexes. For example, some of the muscle activity
during normal locomotion could originate to a certain extent through stretch
reflexes. In the cat several authors have suggested that the activity of hamstrings
at end swing could originate from stretch reflexes (Perret and Cabelguen, 1980;
Prochazka, 1979; Wisleder et al., 1990). To shed light on this type of question,
transection of the dorsal roots was used and it was shown that a seemingly normal
locomotor output was remained in acute spinal cats (Goldberger, 1977; Grillner
and Zangger, 1975, 1984). Although, indeed, a striking similarity exists with the
normal pattern it has been argued that the stability of the pattern and some of the
details of the activation pattern requires the presence of intact afferents (Smith,
1986). Especially the central versus peripheral origin of the two-burst pattern in
bifunctional muscles such as semitendinosus is still a subject for debate (Smith et
al., 1993; Wisleder et al., 1990).
The CPG model is not only restricted to the cat, since fictive locomotion is
also demonstrated in a wide variety of invertebrates and vertebrates (reviewed in
Grillner, 1981; 1985 and Rossignol and Dubuc, 1994). In fact, in view of this very
extensive evidence for locomotor CPGs in these various species, it would be very
surprising if primates would completely lack a CPG-like structure. However, it is
possible that primate gait relies less on spinal automatisms and more on
supraspinal control for the expression of their locomotor activities (see further; for
review on the supraspinal control of gait see Armstrong, 1988).
3 CPG in primates, including man
In contrast to the abundance of data in animals leading to the general assumption
of a CPG underlying the central control of locomotion, there is very little known
about spinal networks acting like CPGs in primates in general and in humans in
particular. Hence, in the context of human locomotion, the important question
arises: is there a CPG in primates?
In non-human primates, several attempts have been made to find evidence
for the existence of a CPG for locomotion. Phillipson (1905) reported that a
monkey with transected spinal cord showed alternating movements of the
hindlimbs about 1 month after the lesion. In contrast, Eidelberg et al. (1981) found
no evidence for hindlimb stepping in their macaque monkeys with a complete
spinal transection. However, after a partial lesion (T8) hindlimb stepping could be
elicited using tail pinches, provided the monkeys were well-trained, as soon as
possible after the lesioning (treadmill training 5 days/week). These authors claimed
that sparing of the ventrolateral quadrant (including vestibulospinal and
reticulospinal tracts) was most essential for the stepping to occur. A later
reinvestigation of these same animals emphasized that, initially, monkeys showed
much less bilateral hindlimb stepping than cats with similar partial lesions of the
spinal cord (Vilensky et al., 1992). The difference between cats and primates may
be related to the increased importance of the corticospinal tract in primates (for
review see Vilensky and O'Connor, 1997). It is thought that in primates the spinal
circuitry for locomotion is suppressed by input from the cortex (‘cortical
dominance’). The aim of this suppression could be to free the movements of hands
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and arms from locomotor movements of the hindlimb (interlimb coordination
automatisms).
Consistent with these ideas is that the best illustrations for primate spinal
stepping generators come from studies of the more ‘primitive’ New World monkeys
with a less-developed corticospinal tract. Until now there is only a single report that
delivered detailed and convincing evidence for a primate CPG for locomotion and
this study on fictive locomotion was made on decerebrated and spinalized
marmoset (New World monkey; Hultborn et al., 1993). In addition, Vilensky and
O'Connor (1997) report that they observed stepping movements in a squirrel
monkey (New World) some 39 days after complete transection of the spinal cord
(T8). For Old World monkey and higher primates the evidence is much less
convincing.
3.1 Evidence for the human CPG
3.1.1 Flexor Reflex Afferents.
The notion that there is a basic similarity in spinal locomotor circuitry in cat and
man is supported by experiments performed in patients with clinically complete
spinal cord section. In these patients, electrical stimulation of FRA revealed similar
characteristics of the L-DOPA networks as seen in cat (Bussel et al., 1991; Roby-
Brami and Bussel, 1987; 1990; 1992; for review see Roby-Brami and Bussel,
1993).
The main features are the following.
- In both cat and man the appearance of long-latency flexor discharges is
accompanied by presynaptic inhibition of Ia afferents (Roby-Brami and
Bussel, 1990).
- Late flexor discharges on one side are accompanied by inhibition of
contralateral late flexor discharges in both species (Roby-Brami and Bussel,
1992). This inhibition acts at the level of interneurones which are specifically
involved in these late discharges since there is no concomitant inhibition of
early flexion reflexes or of flexor H-reflexes.
- One of the characteristics of the late discharges in cats is that they only
appear after the termination of a sural nerve stimulus train, whatever its
duration. Exactly the same was observed in spinal man (Roby-Brami and
Bussel, 1987; 1990; 1992). A functional interpretation of this type of result in
the cat was given by Duysens (1977) using premammillary cats (cats with a
high decerebration above the MLR). In these cats, which can walk
spontaneously on a treadmill, it was found that distal tibial and sural nerve
stimulation of low intensity was effective in inducing a switch from the flexion
to the extension phase. Since these nerves innervate the foot, it was
suggested that low threshold afferents from this area are able to detect
footfall and can reflexly induce the transition from flexion to foot placement by
exerting direct inhibition on the flexor half-center of the CPG. It was argued
that the post-stimulation discharges described above were due to
disinhibition, and that the late flexor discharges are basically rebound
excitation, due to the release of the flexor half-center from inhibitory influence
from the stimulated cutaneous afferents (rebound hypothesis, Duysens;
1977).
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3.1.2 Rhythmic movements and contractions in SCI patients
Rhythmic activity is very rare after complete but not after incomplete transection of
the spinal cord. Early descriptions of rhythmic involuntary movements generated
by the spinal cord lacking supraspinal input, date back from the work of Lhermite
(1919) and Kuhn (1950). The latter author even claimed that a patient with
completely transected spinal cord could produce ‘self-propagating’ stepping
movements at times. More recently, the group of Bussel reported the presence of
rhythmic contractions of the trunk and lower limb extensor muscles (Bussel et al.,
1988; see also Bussel et al., 1996) in a patient with a complete spinal cord lesion.
This rhythmic myoclonic activity (frequency < 1Hz) could be stopped, induced, and
modulated by peripheral stimulation of FRA. However, the rhythmic contractions
never occurred spontaneously and had only one ‘step cycle’ duration. Alternating
flexion and extension of the lower extremities were rarely present in response to
stimulation. In contrast, in patients with incomplete lesions the presence of
alternating flexor and extensor activity is more common (Schalow et al., 1996).
Calancie et al. (1994) described a patient with a 17-year history of neurologically
incomplete injury to the cervical spinal cord. This patient displayed involuntary
lower limb stepping-like movements which were evoked when lying supine with
extended hips. The movements were rhythmic, alternating and forceful, and
involved all muscles of both lower extremities. It is interesting to mention that these
movements started about one week after beginning an intensive locomotor training
and were never observed before. This can mean that the rhythmic alternating
contraction, as seen in this man, is elicited in some way by the extensive locomotor
training. This has also been reported, but less extensively, by Dobkin et al. (1995)
in a person with an incomplete spinal cord injury. When lying supine, this subject
developed alternating left and right lower extremity flexion and extension
movements in response to extension of the hips. He could only terminate these
movements by placing the hips in a flexed position. Remarkably, this involuntary
cyclical activity declined soon after ending his locomotor training.
Finally, in some patients the appearance of automatic stepping movements is
linked to loss of supraspinal control. For example, Hanna and Frank (1995)
reported alternating leg movements with a frequency of 0.2 to 0.5 Hz in patients in
the period preceding or following brain death. This may be equivalent to much
older observations by Landry and by Robin (described by Luys in 1893), who
reported that after decapitation of animals and humans (death executions) some
rhythmic flexor reflexes or movements could be elicited, for example following skin
contact.
While all this evidence points to the existence of human spinal CPGs it
should be pointed out that as yet it is not proven that these CPGs are the same as
those used during normal walking. Furthermore, in the cases of incomplete spinal
cord lesions, it is still unclear whether higher centers are needed to interact with the
spinal CPG to generate locomotion or whether locomotion is controlled from these
higher levels.
3.1.3 Sleep-related periodic leg movements (SRPLM)
Another example of involuntary stepping movements is given by sleep-related
periodic leg movements (SRPLM). SRPLM are stereotyped, periodic, repetitive
movements involving one or both lower limbs. These movements consist of
dorsiflexion of the ankle and toes and flexion of the hip and knee and occur in
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clusters while the subject is lying down or a-sleep (Coleman et al., 1980; Lugaresi
et al., 1986). Such SRPLM are not disease-specific and can also appear in healthy
subjects over 30 years old (Bixler et al, 1982). The finding of SRPLMs in SCI
patients (Lee et al., 1996; Yokota et al., 1991) suggests that a spinal cord injury
may permit the expression of a spinal generator (Lee et al., 1996). This generator
could be activated through the combination of the interruption of descending
inhibitory spinal pathways and the sleep related periodic somatic and vegetative
phenomena (‘disinhibited generator’; Dickel, 1994; Lee et al., 1996). The spinal
origin of such generator is supported by the presence of such SRPLM in persons
with a complete spinal lesion. Furthermore, the triple flexion of the ankle, knee, and
hip during these SRPLM periods is very similar to the flexor reflex which all
patients exhibit. Therefore, it was suggested that PLM is related to spinal
automatisms (Yokota T, et al., 1991).
Other related phenomena (‘periodic nocturnal myoclonus’) have been described in
patients with hyperekplexia (startle disease: De Koning-Tijssen, 1997; Groen and
Kamphuisen, 1978). In the latter disease there is a mutation in the gene encoding
the alfa1 subunit of the glycine receptor. Since glycine is important for recurrent
and reciprocal inhibition, it is possible that the release from inhibition is an element
in the generation of the locomotor-like activity. To this we can add an alternative
explanation in terms of a spinal CPG released from control from reticular nuclei
from the lower brainstem. Whether this CPG is the one used for the production of
normal gait remains an open question.
3.1.4 Spinal cord stimulation
Another evidence that neural networks, responsible for generating rhythmic
locomotor activity can be located in the spinal cord is delivered by experiments in
which specific sites of the spinal cord were electrical stimulated. As already shown,
the method of electrical stimulation of brain stem sites proved to be an effective
method to elicit locomotion in the decerebrated cat. Recently, it appeared that this
method was also effective when applied to lower levels of the CNS. It was shown
that tonic electrical stimulation of the dorsal side of the spinal cord could induce
locomotor activity in intact, decerebrated, and low spinalized cats. Stimulation of
the L3-L4 segments was effective in eliciting alternating reciprocal activity of both
hindlimbs (or one hindlimb). It was found that rhythmic activity could be present
also in the forelimbs as well. In the intact cat (under chloralose anesthesia),
reciprocal interlimb activity in the hindlimb muscle group could be best obtained
when the electrodes were placed over the L3-L4 segments (Avelev et al., 1997).
The same method of spinal cord stimulation was applied to persons with a
complete spinal lesion at thoracic level (Dimitrijevic et al., 1997a; b; Gerasimenko
et al., 1996a; b; Rosenfeld et al., 1995; Shapkova et al., 1997). It was shown that
continuous stimulation of the spinal cord, most effectively at L2-L3 level, elicited
myoclonic stepping with reciprocal organized EMG activity of symmetric muscles.
These results suggest that a comparable neural network (CPG) to that seen in the
cat, lies at the basis of these evoked locomotor phenomena. Compatible with this
explanation is the observation that during the induced rhythmic activity there is a
reduction in the soleus H-reflexes (Gerasimenko et al., 1997). Indeed, as
mentioned above, late flexor discharges are accompanied by presynaptic inhibition
of Ia afferents.
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3.1.5 Vibration induced air-stepping
A new way to activate the CPG in intact humans was recently explored by a
Russian group (Kazennikov et al., 1997; Selionov et al., 1997). In healthy subjects
one leg was horizontally suspended in a weightless simulator. They were
instructed to relax and not to intervene with the induced movements. It was shown
that vibration of a muscle of the suspended leg could elicit cyclical hip and knee
movements in both legs with rhythmic EMG activity, reciprocally organized in the
muscles around the hip joint. These locomotor like-movements could be elicited by
vibration of single muscles or of antagonistic muscles (which made the movement
smoother and better coordinated). When successful, the movements can mimic
either forward or backward locomotion or can switch between these 2 modes. In
order to investigate whether these movements were critically dependent on
periodic afferent signal from moving joints of both legs, some of the joints were
fixed. Under these conditions, the movements of the free leg still persisted if
muscles were vibrated. Interestingly, these movements could be facilitated if
ground contact was simulated by delivering pressure by a small platform beneath
the sole of the suspended leg. It was suggested that the constant inflow of
proprioceptive afferents, due to the vibration, initiated and sustained the CPG
activity. This evoked activity was certainly not strong enough for body support and
propulsion, but at least it supports the view that the basic rhythm underlying
locomotion can be generated involuntarily in humans.
3.1.6 Neonate walking
As will be described later (Chapter Two) more extensively, it is possible to evoke
hindlimb walking in spinalized cats by applying a special training regime on a
treadmill to restore locomotion. Based on this strategy it was shown that a walking
pattern can be elicited in young spinal cats. These kittens were spinalized at
thoracic level, 1-2 days after birth before any locomotor pattern was expressed.
Even before a normal kitten showed any walking ability, these kittens could readily
generate a locomotor pattern (Robinson et al., 1986). These data reveal the strong
innate ‘hard-wired’ character of the spinal control of locomotor patterns.
The possible existence of innate networks in humans is shown by the presence of
primitive step-like movements in the newborn infant when externally supported (for
review, see Patla, 1995). These movements reveal complex inter- and intralimb
coordinated muscle activity but lack some specific functions that are unique for
human plantigrade locomotion (Forssberg, 1985). Remarkably, these primitive
characteristics of newborn stepping remain with the onset of real walking (including
ankle hyperextension at the end of the step, hyper flexion of the hip and knee and
excessive muscle activation), thus suggesting that mature walking may evolve
from the newborn stereotyped movement pattern (Thelen and Cooke, 1987).
The innate character of the CPG is further supported by the well-known presence
of coordinated movements during the prenatal phase. Monitoring such fetal
movements showed that the coordination of the whole-body movements was very
similar to the one seen in the newborn infant (Rayburn, 1995).
3.1.7 Backward walking
For several species, including crayfish and cat, it was proposed that the same
neural mechanism (‘motor program’) is used for both forward and backward
walking (FW and BW, respectively; Clarac, 1984; for review see Pearson, 1993).
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Several studies on BW in the cat (Buford and Smith, 1990; 1993; Perell et al.,
1993) indicated that FW and BW could both be controlled by the same pattern
generator.
It is well known that the CPG for FW controls various reflex pathways to ensure
that reflex activations of given muscles occurs only at the appropriate times in the
step cycle (phase-dependent modulation). Since BW is not an every day activity
(i.e. not as over learned as FW), one might expect that the phase-dependent
modulation would reverse in case the CPG works in reverse if both FW and BW
are controlled by the same pattern generator. Buford and Smith (1993)
investigated responses to mechanical or electrical stimulation of the hind paw of
the cat during different phases of BW. They found that there were no major
differences between the phase-dependent modulation of responses during FW and
BW and that most of the differences could simply be explained by differences in
muscle activation between the two forms of locomotion. Hence, at first sight these
results did not confirm the hypothesis that FW and BW could both be controlled by
the same pattern generator. However, it is possible that an insufficient number of
phases was investigated to reveal the details of the phase-dependent modulation.
In humans, this ‘program reversal’ concept for BW was investigated based on the
kinematics, biomechanics and EMG patterns during both FW and BW
(Thorstensson 1986; Vilensky et al., 1987; Winter et al., 1989). The leg trajectories
and the EMG timing of hip muscles during BW resembled those of ‘reversed-in-
time’ FW. Winter et al. (1989) suggested that ‘backward walking is almost a simple
reversal of forward walking’. Duysens et al. (1996a) studied the regulation of the
gain of cutaneous reflex pathways during BW. The hypothesis was that if BW
walking in humans is produced by a forward motor program, reversed in sequence,
then the phase-dependent modulation pattern of cutaneous reflexes should be
reversed in sequence during BW. At one of the 16 different phases of the step
cycle an electrical stimulus train was applied over the sural nerve at 2 PT
(Perception Threshold) both during FW and BW and unpredictable for the subject.
The responses following this kind of stimulation occurred with a latency of about 70
and 80 ms (P2-responses) and had a clear phase-dependent modulation (see
Figure 1). To obtain the ‘pure’ responses (such as described in Figure 1C and 1D),
the background EMG activity was subtracted from the reflex responses. This made
it possible to study both facilitatory and suppressive responses. During FW, the
subjects showed significant facilitatory responses in ST at end stance, and during
the beginning of swing. At the maximum of spontaneous activity near the end of
swing (phase 14), there was a reversal to a significant suppressive response
(Figure 1A). During BW a different modulation pattern than during FW was seen
(Figure 1B). Small facilitatory responses were present during the beginning of the
stance phase. At the end of the stance phase a reversal towards suppressive
responses could be observed, lasting throughout the beginning of swing and
reaching a maximum when the control activity was at its peak. During the middle of
swing there was a second reversal point, with the response sign changing from
suppressive to facilitatory. Hence, a phase-dependent reflex reversal is present
both in FW and BW but the reversal had a different sign and occurred at a different
time in the step cycle for these two forms of locomotion. Assuming that the phase-
dependent modulation of reflexes during FW is caused centrally through the
intervention of a CPG-like structure it was argued that the modulation of cutaneous
reflexes observed during BW is likely to be determined by the same motor
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program, but working in reverse. Based on the half-center idea of Brown, one may
think of the CPG as controlling the two main parts of the step cycle, namely stance
as well as swing. If one assumes that each of these centers works in reverse
during BW as compared to FW then one expects suppressive responses to occur
in early swing in BW, as was indeed observed in this study (Figure 1 A, B).
Figure 1. Phase-dependent modulation of semitendinosus (ST) responses of 10 subjects for FW
(left) and BW (right). Top (A,B): Average responses for all subjects (n=10). Data were first
normalized for each subject individually. The significance (indicated by asterix) was tested on the
basis of the subtracted responses (lower part of A and B). Horizontal bar: stance phase. Bottom
(C,D): subtracted averaged (N=10) responses at 16 phases for the 10 subjects individually. Order of
phases in C and D is the same as in A and B respectively. Subjects were ranked according to the
sum of the subtracted values of 16 phases, with subject no. 1 having the highest amount of
facilitatory responses. Open bars (above zero) represent facilitatory and black bars (below zero)
represent suppressive responses. Cal: in C and D the small dark vertical bars indicate the maximum
level of background activity in the step cycle. From Duysens et al. (1996).
4 Supraspinal activation of CPG
After transection of their spinal cord, most cats are not able to generate locomotor
movements. This suggests that commands for the initiation of locomotor activity
must be given at some level in the CNS above the lesion. By varying the level of
transection of the neural axis, it was shown that the regions for initiation of
locomotion are located in the brain stem, at supraspinal level (reviewed most
recently by Rossignol (1996) and Whelan (1996)). In paralysed decerebrated cat,
electrical stimulation of the MLR region can be used for the initiation of so-called
‘fictive’ locomotion (i.e. in absence of movement related afferent feedback; Jordan
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et al., 1979). The existence of such MLR regions has also been described in
different vertebrate species, including primates (Eidelberg et al., 1981a; Hultborn et
al., 1993). There are also clinical studies suggesting the existence of similar areas
in adult man (Hanna and Frank, 1995; Masdeu et al., 1994).
Another type of evidence for supraspinal control of the initiation of locomotion, is
provided by the effects of substances mimicking the action of descending
pathways (noradrenergic agonists and/or precursors; L-DOPA+nialamide or
clonidine). It was shown that a walking pattern can be elicited in acute spinalized
cats put on a treadmill (i.e. spinal cord disconnected from the so-called 'locomotor
regions') after intravenous injection of such substances (Barbeau and Rossignol,
1987; Budakova, 1973; Fleshman et al., 1984; Forssberg and Grillner, 1973;
Grillner and Zangger, 1979; Pearson and Rossignol, 1991; Barbeau et al., 1993).
Furthermore, intravenous injection of clonidine (noradrenogenic agonist) in the
chronic low spinalized adult cat, at a time when stable locomotion performance
was achieved, could increase the step cycle duration and step length (Forssberg
and Grillner, 1973). This was reflected in the increased duration of flexor and
extensor activity bursts and increased angular excursions of joints (Barbeau and
Rossignol, 1987). Clonidine was also effective in triggering full weight bearing
hindlimb walking on a treadmill in the low spinalized adult cat within the first week
after spinalization, which was not seen if no drugs were used (Barbeau et al., 1987;
Forssberg and Grillner, 1973). The noradrenaline precursor L-DOPA had
comparable influences on the locomotor pattern but seemed especially efficient in
increasing the amplitude of flexor activity (Barbeau and Rossignol, 1991).
In addition to a role in the initiation and termination of locomotion, the brain
stem contains centers which are important for the modulation of locomotor activity.
Reticulospinal, rubrospinal and vestibulospinal pathways are capable of influencing
locomotor related neural circuits in the spinal cord. Both amplitude modulation of
EMG activity in different phases of the step cycle and shifts in timing of rhythm are
seen as a result of stimulation of the descending tracts in the decerebrated cat
(Russel and Zajac, 1979; for review see Rossignol, 1996; Shik and Orlovsky,
1976).
5 Conclusions
In the cat, there is good evidence for a spinal rhythm generating system, which
most researchers in this field refer to as a locomotor CPG (central pattern
generator). This rhythm generating structure normally receives supraspinal and
afferent input, yet in its absence it can still generate a pattern which often closely
mimics the one seen in normal locomotion.
In contrast to the abundance of data in cats leading to the general assumption of a
CPG underlying the central control of locomotion, there is relatively little known
about spinal networks acting like CPGs in humans. The most convincing evidence
for a CPG, i.e. fictive locomotion, has no direct equivalent in humans.
Nevertheless, several recent lines of research have provided observations which
support the notion of a human CPG. This is of particular interest in view of recent
advances made in the rehabilitation of patients with spinal cord lesions (Dietz et al.,
1994; 1995). Treadmill training is thought by many to rely on the adequate afferent
activation of a human CPG. In the next part of this review (chapter two), the role of
afferent activity in such rhythmic locomotor patterns will be dealt with.
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Chapter Two
Review article (part 2)
Neural control of locomotion:
Sensory control of the central pattern generator and its relation to treadmill
training
Abstract
Many studies have shown that a special treadmill training is effective in restoring
locomotor function in cats with a complete spinal lesion. In the last years it has
become possible to regain some locomotor activity in patients suffering from a
spinal cord injury through an intense training on a treadmill, as in cats. The ideas
behind this approach owe much to insights derived from studies on spinalized
animals. The neural system responsible for the locomotor restoration in both
cats and humans is thought to be located at spinal level and is referred to as the
central pattern generator. The evidence for such a spinal central pattern
generator is reviewed in chapter one (Duysens and Van de Crommert, 1998). An
important element in the treadmill training for both spinal injured cats and
humans is the provision of adequate locomotor related sensory input, which can
possibly activate and/or regulate the spinal locomotor circuitry. This part of the
review deals with the afferent control of the central pattern generator.
Furthermore, the results of treadmill training for both cats and humans and their
relation to sensory input are treated. These insights can possibly contribute to
the design of a better treadmill training program for the rehabilitation of gait in
spinal cord injured patients.
Van de Crommert HWAA, Mulder T, Duysens J
Gait and Posture 1998; 7: 251-63.
1 Introduction
A common approach to investigate the neural basis of animal locomotion is to
make use of surgically reduced animal preparations. In this way the role of
separate parts of the central nervous system (CNS) in rhythm generation can be
determined. Studying such preparations makes it possible to answer important
questions such as 'is it possible to express stereotypic and locomotor related
patterns in these isolated preparations i.e. in absence of the eliminated neural
structures?' and 'what is the relation of these patterns to those observed in the
intact animal?'. First, the different types of reduced preparations, as used in this
review, will be dealt with shortly.
Within the 'decerebrated' preparations, several classes can be
distinguished. The classes used in this review are the 'premammillary or
thalamic' and 'postmammillary or mesencephalic' preparation. The
premammillary and postmammillary preparations are transected above and
between the colliculi and the subthalamic nuclei in the brainstem, respectively.
The premammillary preparation exhibits spontaneous periods of locomotion in
response to a moving treadmill. The postmammillary preparation does not walk
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spontaneously. Stepping movements can be elicited by electrical stimulation of
the mesencephalic region (MLR) of the brainstem (Shik et al., 1966; 1976). Both
types of the decerebrate preparations can be used to study the locomotor output
in absence of movement related feedback. During this so-called 'fictive'
locomotion, feedback is completely eliminated through blocking of the
movement. This can be achieved by either injection of neuromuscular relaxants
(Perret and Cabelguen, 1980) or transection of the efferent nerves at the ventral
root or at muscle nerve level. In these preparations, locomotor output can be
evoked only by electrical stimulation of the MLR region (Jordan et al., 1979) or
pharmacologically with substances mimicking the action of descending pathways
(noradrenergic agonists and/or precursors: L-DOPA + nialamide or clonidine;
(Jankowska et al., 1967)).
In spinalized cats the connections between the neural networks at supraspinal
and spinal level are interrupted by transection of the spinal cord. The level of
transection can differ but is mostly at thoracic level. Spinalized cats can restore
locomotor function of the hindlimbs when trained on a treadmill. This stepping
can be evoked or enhanced with the use of drugs. This will be treated in the later
part of this review more extensively.
Before evaluating results of experiments on the various preparations one has
to bear in mind some limits when these results are used to understand the neural
system of the intact animal.
When recovery is allowed, the reduced preparation has the capability to
reorganize. Let us consider first the spinalized animal. Even if the structures above
and below the lesion are still in a functional preserved state, the capabilities of the
system to function as one total system have changed drastically (Dimitrijevic,
1988). Hence, it is far too simple to consider the spinal cord below the lesion as
being the same as in the intact animal, except for the absence of interaction with
supraspinal levels. Basically this view does not take into account the potential of
the spinal cord to reorganize (see also Muir and Steeves, 1997 on this point).
Therefore, it is fair to argue that the locomotor output of a chronic spinal cat (i.e.
spinalized cat which was trained regularly on a treadmill and recovers locomotor
ability) may not be based on exactly the same circuitry as the locomotor output of
the intact animal. It is, indeed, conceivable that some of the patterns observed in
chronic spinal cats reflect the capacity of the nervous system to cope with an
injured system.
Furthermore, the sensory related input to the CNS of walking spinal cats can
differ considerably from normal. Although the basic locomotor pattern can be
present in fictive locomotion (i.e. in complete absence of afferent input), it will be
shown that the role of afferents is very important in shaping the rhythmic pattern, to
control phase-transitions, and to reinforce the ongoing activity (Pearson, 1993).
Therefore, a rhythm generating structure without its normal afferent input can be
very artificial and possibly therefore cannot entirely reproduce the motor output as
seen in the intact cat.
Despite these restrictions it will be shown that the locomotor output of chronic
spinal cats is nevertheless strikingly similar to the one seen in intact cats.
According to Edgerton et al. (1991a; b), there are two main features that are
different in the locomotion of chronic adult spinal cats as compared to normal. First
there is a delay in the initiation of the swing phase resulting in the paw dragging
over the treadmill. Second, the force and the EMG of the fast extensor muscles
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decline prematurely at the end of the stance phase. Interestingly, enhanced
loading of the hindlimb muscles (for example by pulling the tail downwards) can
compensate for both deficits. Hence, this suggests that the main differences are
related to changes in afferent input rather than to spinal 'rewiring'.
Recently, it has become possible to regain some locomotor activity in patients
suffering from a spinal cord injury (SCI) through an intense training on a treadmill.
These improvements are thought to be a consequence of a (re)activation of neural
circuits located at spinal level. These neural networks are collectively termed
central pattern generators (CPGs). CPGs are thought to be responsible for the
generation of the basic rhythmic muscle activity as seen during locomotion. The
evidence for such a spinal central pattern generator in both cats and humans is
reviewed in Duysens and Van de Crommert (1998).
Since afferent input is important in refining the locomotor output, it is conceivable
that the provision of adequate sensory input during such treadmill training is of
utmost importance to achieve a more optimal locomotor output of the spinal
locomotor circuitry. Hence, it is essential to learn more about how such CPGs are
controlled by sensory input produced during gait.
The next section will deal with the influence of afferents on the cats' CPG.
Next, the results of treadmill training for spinalized cats, monkeys, and humans are
treated. Finally, the treadmill training results and their relation to sensory inputs are
discussed.
2 The influence of afferents on the cat CPG
In cats, it has long been known that the spinal CPG can be activated by a variety of
input sources. Grillner and Zangger (1979) showed that electrical stimulation of
dorsal roots could effectively trigger the initiation of locomotion in spinal cats
(similar experiments in mesencephalic cats were reported earlier by Budakova
(1972). Furthermore, many authors have confirmed that spinal locomotion can be
either induced or facilitated through 'a-specific' sensory stimulation (which usually
consists of tail pinches (Edgerton et al., 1991c; de Guzman et al., 1991; Hodgson
et al., 1994; Rossignol, 1996). However, in the last 20 years there is a growing
excitement about the wealth of data on some very specific types of sensory input
which are thought to have direct access to the CPG. In general one can agree that
a given sensory input has direct access to the CPG if stimulation of a given set of
afferents leads to rhythm entrainment and/or resetting. Such input can either block
or induce the switching between the alternating flexor and extensor locomotor
bursts. There are three main sensory sources which satisfy these criteria. Two are
related to load, the third to hip position (Pearson, 1993; 1995; Rossignol, 1996;
Whelan, 1996). The two types of load receptor input come from proprioceptive
afferents in extensor muscles and exteroceptive afferents from mechanoreceptors
in the foot. The afferents signalling hip joint position come from muscles around the
hip.
As mentioned by Pearson (1993), the role of afferent activity for rhythmic
locomotor patterns is to help shaping the pattern, to control phase-transitions and
to reinforce ongoing activity. A rhythm generating structure without its afferent input
is very artificial. In fact, Pearson (1993) has argued that sensory input is so
elementary that it can be seen as an essential element of the definition of a CPG.
For example the wing stretch receptors of the locust fulfil all the usual criteria for
elements of a rhythm generating network (1993). Although this view has the merit
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of emphasizing the tight link between sensory input and neural locomotor circuitry,
in the present review, however, the spinal CPG concept is limited to the more
conventional idea that there is a central neural rhythm and pattern generating
structure. The three specific sensory sources as above mentioned will be treated
now.
2.1 Extensor load receptor input on the CPG
The first relevant information in this respect was derived from experiments on
premammillary cats (Duysens and Pearson, 1980). In these cats one, partly
denervated, hindlimb was held in a fixed position while walking on a treadmill. The
fixation gave the opportunity to induce changes of both the force and the length of
ankle extensors, while these muscles were rhythmically activated in alternation
with the muscles in the 'free' hindlimb. Since limb position was held constant in the
fixed hindlimb, these manipulations could be performed independent of changes in
hip position (hip afferents are known to play a role in regulating phase-transitions;
see further). In the fixed hindlimb a gradually increasing stretch could be applied to
the Achilles tendon. This resulted in an increase in both amplitude and duration of
the rhythmic EMG bursts of the ankle extensors. On the other hand, the ankle
flexor EMG bursts were reduced and eventually dropped out.
Another selective method for the activation of group I muscle afferents is to
use electrical nerve stimulation with finely graded intensity. Whelan et al. (1995a)
showed that stimulation of extensor group I afferents was effective in eliciting
extensor burst prolonging effects in the premammillary cat, such as described
above. Stimulation of the lateral gastrocnemius and soleus (LGS) was more
powerful than stimulation of the medial gastrocnemius (MG). However, after cutting
the LGS nerve the stimulation of the MG became more effective. This was taken
as an illustration of the plasticity of these connections (Whelan et al., 1995b).
However, the question remains which extensor afferents were involved in this
type of resetting effect. Both methods cannot readily distinguish between Ia and Ib
fiber stimulation effects. The applied stretch can activate both golgi tendon organs
(GTOs; group Ib) and muscle spindles (group Ia) since these afferents are either
sensitive to the exerted force or the applied lengthening of the extensor muscles,
respectively. Hence, both GTOs and spindles of extensor muscles could have
been involved in effects such as described above. The same holds for the selective
electrical stimulation of group I afferents since Ia and Ib afferents have overlapping
thresholds.
Several methods can be used to obtain a more selective activation of Ib
afferents. For example, stimulation of ventral roots at a stimulation strength, which
is below the threshold of the activation of gamma motoneurones, induces
contractions in extensors. These contractions evoke an increase in firing of the Ib
afferents in association with a simultaneous reduction in the firing of Ia afferents.
Such stimulation of the appropriate ventral roots was found to activate ankle
extensors and suppress rhythmic ankle flexor bursts in the premammillary
decerebrated cat during locomotion (Duysens and Pearson, 1980).
Another selective activation of Ib muscle afferents can be achieved by
electrical stimulation of plantaris afferents. The Ia afferents in plantaris nerves
make the most weak connections with motoneurones of MG. Weak stimulation of
the plantaris nerve can thus be used for a more reliably activation of Ib afferents. In
immobilized spinal cats, showing rhythmic locomotor neural activity after injection
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of L-DOPA, Conway et al. (1987) showed that stimulation of the plantaris nerve
prolonged extensor bursts and delayed the appearance of the flexor bursts.
Similarly, Pearson and Collins (1993) found that plantaris stimulation enhanced the
ongoing activity in MG motoneurones during periods of rhythmic locomotor bursts
in clonidine-treated spinal cats. In contrast, the same stimuli had a suppressive
action on these motoneurones outside the periods of fictive locomotion. This
alternation of the classical described autogenic inhibition in autogenic excitation,
following a selective activation of Ib afferents, was not apparent in former studies
on motionless animals because they are only revealed during the 'locomotory
state'.
The transition from Ib inhibition to Ib excitation was also proved at the
intracellular level by Gossard et al. (1994). Using L-DOPA or MLR induced fictive
locomotion they found that the stimulation of Ib afferents from extensors elicited
excitatory postsynaptic potentials (EPSPs) rather than inhibitory postsynaptic
potentials (IPSPs) in triceps surae motoneurones during the locomotor periods.
Such a reversal from Ib IPSPs at rest to Ib EPSPs during fictive locomotion was
also shown by McCrea et al. (1995), who showed how Ib IPSP were entirely
suppressed during the periods of rhythmic activity.
It can be concluded that during locomotion there is a closing of Ib inhibitory
and an opening of Ib extensor facilitatory paths. That this is due to direct
connections onto rhythm generating circuits comes from experiments with rhythm
entrainment. Conway et al. (1987) and Pearson et al. (1992) used periodic
stretches of extensor muscles in spinal cats for this purpose. They could entrain
the rhythm when the stretches were sufficiently large to recruit not only Ia but also
Ib afferents. A similar effect could be achieved with ventral root stimulation
(Pearson et al., 1992) on condition that the induced contractions were strong
enough (>10 N) to activate extensor Ib afferents. Finally, Pearson and Collins
(1993) used electrical shocks to the plantaris nerves successfully for the
entrainment of the locomotory rhythm. No effects were obtained when the relevant
extensor muscles were vibrated which optimally activated Ia afferents.
Nevertheless, the issue whether Ia or Ib afferents may participate in these
effects is yet not completely resolved. For example, Guertin et al. (1995) showed
that plantaris stimulation during MLR induced fictive locomotion, Ia afferents have
similar effects as Ib afferents in prolonging extensor bursts in the stance phase and
delaying flexor bursts. However, it can be concluded that most of the data support
the hypothesis that Ib afferents (load detectors) afferents from extensors inhibit the
flexor half-centre (see Figure 1) during the stance phase (Duysens and Pearson,
1980; Pearson and Duysens, 1976). This is functionally meaningful since the load
on the stance limb must be decreasing and afferent discharge must fall below a
given threshold level, before swing can be initiated. On the other hand, extensor
activity is reinforced during the loading period of the stance phase (see Figure 1).
This provides a type of positive feedback, which does not lead to instability,
presumably because during the stance phase the resulting muscle shortening
brings the muscle in a less favourable position and thereby limits the positive
feedback (Prochazka et al., 1997a; b). In particular, the latter authors have argued
that an automatic gain control of positive force feedback is provided by appropriate
delays, a combination of intrinsic muscle properties (length-tension characteristics)
and concomitant negative feedback for displacement.
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2.2 Cutaneous afferent input on the CPG
Cutaneous afferents innervating the skin of the foot are in a good position to
monitor limb loading. The activity from these afferents can be recorded using cuff
electrodes (Duysens and Stein, 1978; Hoffer and Haugland, 1992; Sinkjaer et al.,
1994). The activity was largest during foot placement or for some nerves, such as
suralis (which innervates the skin of the lateral side of the foot), the activity was at
a peak just after the foot hit the ground surface.
The effects of these afferents on the CPG were studied in premammillary
cats with one hindlimb fixed (similar preparations as described in the previous
section). Trains of electrical pulses of weak intensity were applied directly to the
pad or to the skin area innervated by the sural nerve. Such stimuli were able to
prolong the extensor burst during the stance phase and to delay the onset of the
next flexion phase, much as was observed for the Ib afferents (Duysens and
Pearson, 1976; Duysens, 1977). Direct stimulation of nerve fibres innervating the
skin of the foot had the same effects. It should be mentioned, however, that some
of these nerves (such as the posterior tibial) were mixed nerves containing more
than skin afferent input.
Figure 1. Model of the different pathways indicating how afferents can act on the CPG during the
stance phase of locomotion. The CPG contains a mutually inhibiting extensor and flexor half-
centre (EHC and FHC, respectively). During the stance phase, load of the lower limb is detected
by group I extensor muscle afferents and group II (low threshold) cutaneous afferents which
activate the EHC. In this way, extensor activity is reinforced during the loading period of the
stance phase. At the end of the stance phase, group Ia afferents of flexor muscles excite the FHC
(which inhibits the EHC) and thereby initiate the onset of the swing phase.
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On the other hand, withdrawal of this type of stimulation can trigger the onset
of flexion. This was shown by the observation that late flexor discharges
(presumably originating from the flexor part of the CPG (see review Duysens and
Van de Crommert (1998)), always occurred after termination of a period of
stimulation of cutaneous afferents (post-inhibitory rebound; see Jankowska et al.
(1967)).
The spinal origin of the inhibitory effect of cutaneous afferents on the FHC
was shown by Conway et al. (1994). Low threshold stimulation of the deep or
plantar nerves during late flexor reflexes in decerebrated spinal cats injected with
L-DOPA was effective in terminating the ongoing flexor activity. Furthermore, these
stimuli could induce bilaterally phase-switching effects.
Our interpretation is that load-related cutaneous input from the foot can inhibit
the premotor centre for the generation of flexion during swing (see Figure 1),
similar as was seen for the Ib afferents. In addition, it seems that these low
threshold cutaneous afferents from the foot have pathways, which can either inhibit
or disinhibit the FHC depending on the task involved. Similar to the Ib afferents, it is
apparent that cutaneous afferents have excitatory pathways to motoneurones of
extensor muscles (see Figure 1), as well. The functional meaning is to reinforce
extensor activity during loading of the limb.
2.3 Hip afferent input on the CPG
Shik and Orlovsky (1965) showed that raising the anterior or posterior part of a
normal dog walking on a treadmill induced a prolongation of the stance phase of
the raised limbs. They concluded that the initiation of the swing phase was
determined by the onset of threshold extension of joints of the limb. The group of
Grillner studied this in more detail in the chronic spinal cat (Grillner and Rossignol,
1978). When the hip of one limb was manually flexed during treadmill walking, the
stepping movement disappeared while hip extension resulted in initiation of the
stepping movements of the manipulated leg. Interestingly, the last observation was
only seen when hip extension excursion reached the angle as normally seen at the
end of the stance phase. Hence, they concluded that afferent signals from the hip
were important for the initiation of the swing phase (reviewed by Grillner (1985)
and Rossignol (1996)).
Anderson and Grillner (1981) showed that hip afferents signals have direct input to
the CPG. In these experiments, small-amplitude sinusoidal hip movement of a
partially denervated hindlimb was effective in resetting and/or entraining the
locomotor rhythm in low spinal cats with L-DOPA-induced fictive locomotion
(Anderson and Grillner, 1981; 1983).
Two types of receptors could be involved, namely those from the hip joint and
those from hip muscles (Grillner, 1985). Using fictive locomotion induced by
stimulation of the mesencephalic locomotor region, Kriellaars et al. (1994) showed
that entrainment persisted following joint denervation but relied on stretch of hip
muscles. Furthermore, they showed that anaesthesia of the hip joints did not affect
the ability of hip movements to entrain the fictive locomotor rhythm. Hiebert et al.
(1996) used selective stretches of hindlimb muscles in the spontaneous walking
decerebrated cat to confirm that the flexor inducing effects are mainly related to
stretch of hip flexors. Interestingly however, they showed that ankle flexors such as
tibialis anterior had somewhat similar but weaker effects.
Hence, it is interpreted that position-related Ia afferent input from flexor
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muscles can excite the FHC for the generation of flexion during swing (see Figure
1) at the end of the stance phase.
3 Treadmill training
3.1 Chronic spinalized cats
After transection of the spinal cord of adult cats and dogs at a thoracic level
(typically Th 12) or at upper lumbar level and after recovery from spinal shock, the
so-called 'low spinal' cats and dogs are able to generate rhythmic alternating
movements of the hindlimbs. In the earliest experiments, this stepping was very
limited because these animals could not fully support themselves (Fruesberg,
1874; Sherrington, 1906). However, Ten Cate (1937; 1939-1940; 1962) provided
additional support for these animals. The spinalized cat was fixed with chest and
both forelimbs on a small carriage with wheels which now could make steps
closely resembling normal gait.
In Sweden, the group of Grillner used a somewhat similar approach to quan-
titatively evaluate spinal stepping (Forssberg et al., 1980a; b; for review: Grillner,
1973). They used young low spinal cats (spinalized 6-17th day after birth). About 1-
2 days after transection, these kittens showed alternating flexion and extension
movements when lifted in the air. Following a daily training on a treadmill they
gradually regained locomotor skills in the hindlimbs when forelimbs were placed on
a platform and hindquarters were prevented from falling. They could adjust their
gait over a wide range of velocities with EMG activation patterns and kinematics
similar to those seen during gait of intact cats (Barbeau and Rossignol, 1987;
Forssberg et al., 1980a; Grillner, 1981; Lovely et al., 1990).
Similar experiments with adult chronic spinal cats did not achieve the same results
as with the spinal kittens. In contrast to the spinal kittens, the adult spinal cats
could not fully support their body weight during this hindlimb stepping (Eidelberg et
al., 1980). Hence, the effectiveness of treadmill training for locomotor recovery was
first considered to be dependent on the age of spinalization. However, the
importance of a special training program, based on body weight support (BWS)
control, was recognized. It revealed that following an interactive training on a
treadmill, the adult chronic spinal cat could regain better locomotor abilities than
before (Barbeau and Rossignol, 1987; Rossignol et al., 1986). This stepping ability
could gradually recover over a period of several months after the lesion provided
the training was applied. At the start of the training, the body weight was partly
supported by suspending the cat by the tail above the treadmill while the forelimbs
were on a platform. In this way the demands for complete BWS and control of
posture and balance were substantially reduced thereby creating some 'room' for
improvement of the locomotor pattern. During the training, the proportion of BWS
was gradually decreased as a function of the animals' locomotor ability in time.
After several weeks to months the cats regained the capability of walking, very
similar to uninjured cats, while fully bearing their own weight on the hindlimbs
(Barbeau and Rossignol, 1987; Edgerton et al., 1992; Hodgson et al., 1994; Lovely
et al., 1990).
The importance of such special treadmill training for the recovery of
locomotor function was shown by studies in which a comparison was made with
chronic spinalized cats which did not receive this kind of training regime. Lovely et
al. (1990) showed that untrained cats had poor locomotor performance when
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compared to trained cats. Furthermore, spinalized cats, which had learned to stand
rather than to step, had great difficulties using the hindlimbs for locomotion
(Hodgson et al., 1994).
In general, the spinal locomotor systems still preserve some adaptability. This
was demonstrated by the observations that spinalized animals could easily adjust
to different speeds of the treadmill (Barbeau and Rossignol, 1987; Forssberg et al.,
1980a) and by the capability of walking with each hindlimb at a different speed on a
split-belt treadmill (Forssberg et al., 1980a; Halbertsma, 1983). Furthermore, these
cats could learn to adjust their limb trajectory during the swing phase in order to
avoid an obstacle placed on the treadmill after touching this obstacle with the paw
(Forssberg, 1979; Grillner, 1993; Hodgson et al., 1994).
We emphasize that the regained stepping ability of spinalized treadmill
trained cats is probably largely due to training induced reorganization of spinal
circuitry. Some evidence for alterations in the properties of central rhythm
generating networks has indeed been found. For example, when fictive locomotion
was compared in chronic spinal cats with and without treadmill training, Pearson
and Rossignol (1991) found that the pattern was more complex in the trained
animals. In particular, the duration of the activity bursts differed more in the various
flexor muscles in the trained animals than in the untrained ones. Furthermore, the
pattern of flexor activity was more dependent on limb position.
3.2 Non-human primates
In non-human primates very little is known about the induction of stepping after a
complete spinal lesion. The group of Eidelberg tested whether stepping activity
could be elicited in chronic and acute spinal macaque monkeys with complete
transection (Eidelberg, 1981; Eidelberg et al., 1981). The chronic spinal animals
were trained on a treadmill prior to the transection but none of them revealed
stepping movements with the hind limbs even not after a training period of 4
months following the transection. As in the chronic spinal monkey, it was not
possible to elicit treadmill locomotion directly after transection by using a
combination of electrical stimulation and drugs.
Recently, Vilensky and O'Connor (1997) reported stepping movements in a more
'primitive' monkey (squirrel monkey; New World) with a completely transected
spinal cord (T8). After a daily training on a treadmill (limbs were manually moved to
mimic stepping), this monkey revealed stepping movements after about 6 weeks
postoperative.
3.3 Humans
Based on the proven effectiveness of treadmill training for the recovery of
locomotion in spinalized cats, about the same approach was applied to humans
with a spinal cord injury (Barbeau and Rossignol, 1994, Dietz et al., 1994; 1995;
Dobkin et al., 1995; Wernig and Müller, 1992; Wernig et al., 1995). The patients
wore a fitted harness and were suspended in upright position from a BWS
system above the treadmill (Figure 2). This system allowed a continuous
adjustable proportion of the body weight to be supported by the subject. With the
help of this system the demand on the subject for complete body weight support
and for the maintenance of balance and posture was reduced. Under these
circumstances the possibility to express a 'normal' locomotor pattern were
enhanced. Visitin and Barbeau (1989) compared the differences between 40%
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and 0% unloading of the lower extremities in spastic paretic patients. Forty
percent unloading of the lower extremities resulted in a straighter trunk and knee
alignment during the loading phase. Furthermore, a decrease in double support
time and an increase in single support time, stride length and speed was seen,
when compared to 0% BWS. During treadmill walking the movement of the legs
was manually assisted when necessary. Two trainers, each one sitting at the left
or right side of the subject with one hand just below the patella and the other
above the ankle, tried to keep the movement as similar as possible to the one
seen during normal gait. The assistance could be needed especially around lift-
off (i.e. forward setting of the limb; passive hip, knee, and ankle joint flexion),
during the swing phase until impact of the foot (i.e. extension of the knee), and
during the stance phase for stabilization of the knee. The step length and
treadmill speed were adjusted to the subjects preference. Initially, BWS was
about 40-50% of each subject's body weight and the general method was to
decrease BWS when an increase of subject's locomotor ability was seen. In
general, the locomotor training was given three until five days per week and both
complete and incomplete SCI persons were investigated.
Figure 2. The experimental set-up as used during treadmill training for humans [adapted
from Dietz et al., 1994].
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During the course of such an intensive treadmill training a wide variety of
effects was seen. There was an increase in walking speed and covered distance
(Wernig and Müller, 1992). The extent of assistance from the two helpers gradually
declined and, depending on the severity of the lesion, different degrees of
assistance were needed. For example, incomplete SCI patients who were not
capable of full movement against gravity of either one of the lower extremities at
the time of training, were gradually able to self-initiate the swing phase for stepping
but still required continued manual ankle and knee stabilization (Dobkin et al.,
1995). Others, however, reported the development of unassisted knee extension
during stance phase in patients with complete functional paralysis of one lower
extremity (Wernig and Müller, 1992) as well as in less severely paralyzed subjects
(Dietz et al., 1994; 1995; Wernig and Müller, 1992). The development of
unassisted stepping followed after an initial period of passively assisted stepping
movements over period ranging from days to weeks. In contrast, none of the
complete SCI persons attained the ability to walk unassisted, even not after
months of treadmill training (Dietz et al., 1994; 1995; Dobkin et al., 1995; Wernig
and Müller, 1992).
The initial amount of BWS (about 40-50%) was decreased in almost all
incomplete and complete SCI persons participating in the treadmill therapy. In fact,
BWS could be reduced to zero for some of the incomplete SCI persons. In
contrast, the complete SCI persons never could walk without the help of the
support system (Dietz et al 1994; 1995; Wernig and Müller, 1992; Wernig et al.,
1995).
Overall, EMG activity in muscles of the lower extremities revealed a better
modulation pattern (see Figure 3), i.e. a more pronounced phasic alternating
agonist/antagonist activation, than before treadmill training [64,66-68]. The
modulation patterns could be very similar to those in healthy subjects (Dietz et al.,
1994; 1995).
Figure 3. Rectified and averaged EMG activity of lower-leg muscles during locomotion (± 1.3 km/h)
of one patient with incomplete paraplegia. At the end of the training the amplitude of gastrocnemius
medialis activity and tibialis anterior is increased and decreased during the stance phase,
respectively. Furthermore, tibialis anterior activity is increased during the swing phase. Fig legends:
ST= stance phase; SW=swing phase. [adapted from Dietz et al., 1994].
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Dietz et al. (1994; 1995) showed that the EMG amplitude of m.
gastrocnemius medialis (GM) increased significantly at the appropriate phase of
the step cycle during the treadmill training. Although both complete and incomplete
SCI persons showed a similar slope of increase, the GM EMG amplitude was
smaller for the complete SCI persons. Incomplete SCI persons revealed less EMG
activity than healthy subjects (Dietz et al., 1994. 1995). This difference may be due
to a reduction or complete loss of input from descending noradrenergic pathways
to the spinal locomotor centres which make it difficult to sufficiently excite the
proportion of each of the motoneuron pools, as compared to healthy subjects.
Some groups (Barbeau and Rossignol, 1994; Dietz et al., 1994; 1995) suggested
that injection of noradrenergic drugs could be a good alternative for enhancing the
spinal locomotor mechanism when input from descending noradrenergic pathways
to spinal locomotor centres is lost (see section 3.5).
In conclusion, improvement of locomotor function is seen in SCI persons with
either an incomplete or a complete lesion, when trained on a treadmill with BWS.
The most important features are a better modulation pattern of EMG activity in
muscles of the lower extremities and an increased ability to support body weight.
This suggests that spinal locomotor centres can be activated in paraplegic patients
in a manner similar to the chronic spinal treadmill trained cat. However, in contrast
to cat data, complete SCI persons never revealed unassisted stepping with
complete unloading of the body weight. The inability of completely paralyzed
subjects to achieve unassisted mechanical stepping suggests that the level of
dependence of the human on supraspinal and/or proprioceptive inputs to generate
stepping differs at least quantitatively from that of the quadrupedal mammal (as
discussed in Chapter One). To what extent positive effects in SCI persons can be
achieved with treadmill training seems to depend largely on the severity of the
lesion.
3.4 Treadmill training and functional recovery
Although a clear improvement of locomotor function can be obtained on the
treadmill, the question arises whether the trained SCI persons reveal better
performance of locomotion on a static underground as well. Most incomplete
patients profited from locomotor training and were functionally better locomotor
performers than before training. The incomplete SCI persons trained by Dietz et al.
(1994; 1995) finally became able to perform unsupported stepping movements on
a stationary surface after several months of treadmill training (onset training: 4-5
weeks post-injury). The subjects, investigated by Wernig and Müller (1992), with
chronic complete functional paralyses of one lower limb were unable to walk
overground before training was started. After treadmill training, these patients
improved their stepping ability enough to walk overground for 100-200 meters with
assistive devices.
A more extensive study on the functional improvements in incomplete SCI persons
(with either old or recent lesions) was done by Wernig et al. (1995). A large group
of incomplete SCI patients underwent the daily treadmill training for 3-20 weeks.
Out of the group of persons with a chronic SCI, who were wheelchair-bound at
onset of training (N=33), 76% learned to walk independently, 21% with help, and
3% did not improve. The chronic SCI patients who could already walk (N=11)
improved in speed and endurance. Of the 'acute' (recent lesions) SCI patients who
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were wheelchair-bound at the onset of treadmill training (N=36), 92% could walk
independently against 50% who received conventional therapy.
These results clearly illustrate that the improved locomotor function, as seen on the
treadmill, is also reflected in better locomotor capabilities during overground
walking for the incomplete SCI persons. Even more important, better locomotor
abilities are revealed as compared to patients who underwent the conventional
therapy.
In contrast none of the complete SCI patients achieved unassisted stepping with
complete unloading of body weight during treadmill training (Dietz et al., 1994;
1995; Dobkin et al., 1995; Wernig and Müller, 1992; Wernig et al., 1995). This, of
course, finds its repercussion in walking overground. None of the complete SCI
persons were able to walk on a static floor.
3.5 Treadmill training and pharmacology
Although the effects of treadmill training can be achieved without the help of any
drugs, some studies have suggested that such additional stimulation may have
positive effects for locomotor recovery in spinal cord injured persons (Barbeau and
Rossignol, 1994; Dietz et al., 1994; 1995; Rossignol and Barbeau, 1993). In the
spinalized cat, it is well known that the use of noradrenergic drugs enhance
locomotor activity (reviewed by Rossignol and Barbeau, (1993)). Based on the
pharmacological findings in the spinalized cat, experiments were done to examine
the effectiveness of medications on improving locomotor function on a treadmill
with BWS in SCI persons (Barbeau and Rossignol, 1994; Dietz et al., 1995;
Stewart et al., 1991). It was found that clonidine markedly reduced stretch
reactions and clonus during assisted stepping (Stewart et al., 1991). However, it
appeared that some patients improved locomotion function while others showed
inhibitory effects when clonidine was applied (Dietz et al., 1994; 1995; Stewart et
al., 1991). One major cause of the discrepancies is that patients with very different
recovery profiles were compared. Apparently, the SCI patients benefiting most
from intrathecal clonidine were those that had the most severe lesions and were
functionally the worst (Stewart et al., 1991).
The effect of several other drugs on locomotor function in SCI persons was
also investigated but on a few subjects only. Cyproheptadine (serotonergic
antogonist) was applied to SCI persons during BWS treadmill walking Wainberg et
al., 1990). It appeared that during this cyproheptadine therapy ankle clonus and
spontaneous spasms decreased, similar to what was seen in the chronic
spinalized cat (Barbeau and Rossignol, 1990). The effects were observed in all
patients who previously exhibited spasticity. Furthermore, these patients revealed
a more normal timing of EMG patterns and improvement of joint angular
displacements. Patients with minimal spastic paresis revealed minimal changes in
EMG activity and kinematic variables but eventually achieved a higher walking
speed.
Dietz et al. (1995) reported the administration of epinephrine (a sympathomimetic
drug) in two patients with a complete spinal cord injury. As a consequence a better
modulation pattern was seen in the GM during assisted stepping. The EMG
amplitude of this ankle extensor increased during stance phase and decreased
during swing phase.
In conclusion, several studies have investigated whether substances which
were thought to activate the CPG in cats can have positive effects for locomotor
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recovery in spinal cord injured persons (Barbeau and Rossignol, 1994; Dietz et al.,
1995; Rossignol and Barbeau, 1993). Some success has been achieved but the
unsolved question is whether the beneficial effects are related to the relief of
spasticity or to a genuine direct activation of a CPG like structure. Furthermore,
one should be aware that the time of the lesion could be important. In both spinal
injured cats and humans the sensitivity of the descending terminals can be very
different in individuals with relatively recent injuries as opposed to those with much
older lesions.
4 Afferent influence on human CPG during treadmill training
When BWS treadmill training was started in humans, it was suggested that
locomotor related afferent input could be of importance for the enhancement of
locomotor activity. Several studies mentioned, only at a qualitative level, the
relationship between the locomotor related load and kinematic input, and the
observed locomotor output. In subjects with one completely paralyzed lower limb, a
flexor-like stepping movement could be elicited in the paralyzed leg when the SCI
person shifted the body weight onto the fully extended leg during stance and onto
the other leg shortly before swing (Wernig and Müller, 1992). Another group
reported that the induction of flexion to initiate swing could be improved if the hip
joint moved a few degrees in extension at the end of the stance phase and again
the importance of weight shifting of the leg at end stance was noticed (Dobkin et
al., 1995). Furthermore, it appeared that barefoot walking and pinching of the limb
could facilitate stepping in some cases (Wernig and Müller, 1992).
The possibility to influence locomotor functioning by way of afferent
information raises the question whether the rhythmic output, as seen in muscles of
the lower limb during treadmill training in SCI persons, are related to the CPG or is
due to reflexly induced activity. Stewart et al. (1991) showed that if the assistance
provided by the trainers for alternating limb movement in complete SCI persons
during BWS treadmill training ceased, the rhythmic EMG activity also ceased. In
this respect, the amount of BWS is also an important factor to consider. It was
shown that the proportion of BWS did not only modify the EMG pattern but also the
kinematics (Visitin and Barbeau, 1989). For example, some of the spastic paretic
subjects studied by Visitin and Barbeau (1989) showed a prolonged activation of
the lower limb muscles during the stance phase at 0% BWS. This prolongation was
reduced when 40% of the body weight was unloaded. These effects on EMG
activity was ascribed to the more normal angular excursion during 40% BWS as
compared to 0% BWS. Presumably, the more limited excursion could decrease the
exaggerated stretch reflex as seen in these patients. Hence, the contribution of
rhythmic stretches depends strongly on the kinematics. Even in intact humans, one
should not overlook the possible contribution of stretch reflexes. For example, Van
de Crommert et al. (1996) showed that the amplitude of the BF tendon jerk reflexes
were at a maximum near the end of the swing phase, in a period when this muscle
is rapidly stretched and normally very active. Hence it is conceivable that the usual
activation of this muscle at end swing is reflexly generated.
While stretch reflexes thus could be important for the generation of the
rhythmic activity as seen in trained SCI subjects there is clear evidence that they
are not sufficient to explain all the activity. For example, Dobkin et al. (1995)
showed that EMG activity in vastus lateralis (VL) of the trained SCI subjects could
not be due to stretch alone. The EMG burst of VL was independent of the direction
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and magnitude of joint motion and, thus, of muscle length. Dobkin et al. (1995)
suggested that both load and kinematic features were amongst the components
that modulate the EMG output. Dietz et al. (1994; 1995) had also argued that
stretch reflexes were not sufficient to explain the SCI activity patterns. They found
no relation between the EMG amplitudes and changes in joint angles. Instead, they
suggested that human spinal cord has the capacity to 'learn' the handling of
increased load. Over the total training period they showed that there was no strict
correlation between the increase in GM EMG activity and body-weight support.
After several months of training, EMG amplitude could still increase despite the
maintenance of constant unloading. Furthermore, successive loading of complete
SCI patients within one session did not lead to a higher EMG activity in GM but
instead induced an inability to perform stepping movements. According to the Dietz
group the increase in GM was due to training and not due to the direct effect of
loading and muscle stretch. Reloading during treadmill training may serve as a
stimulus for the extensor load receptors and could enhance the activity in the
antigravity muscles. Recently a more quantitative study was done to shed light on
this issue (Harkema et al., 1997). Studying the effect of changes in load and
stretch on activity in various leg muscles of SCI patients, they concluded that EMG
amplitude of ankle extensor muscles was more closely related to limb load than to
muscle stretch. They argued that ‘stretch reflexes were not the sole source of the
phasic EMG activity in flexors and extensors during manually assisted stepping in
SCI patients’.
In conclusion, the present data do not support the view that the increase in
EMG levels in extensors is due to increased stretch reflex gain in extensor
muscles. A more likely explanation is that extensor reinforcing reflexes from
extensor load receptors (which in the cat are known to facilitate the activity in the
extensor half-centre and to inhibit the flexor half-centre; see (Duysens and
Pearson, 1980)) are functional in these patients as well.
5 Alternative explanations for locomotor recovery on the treadmill
Although it is tempting to conclude that the results following treadmill training, as
described above, can be ascribed to activation of CPGs, one first has to consider
some alternative explanations.
5.1 Improvement of muscle strength
At first instance, the most obvious explanation for the decrease of BWS is the
increase of muscle strength due to the training effect. In this context it is interesting
to mention that all studies reported that most patients did not improve muscle
strength. Furthermore, the amplitude of EMG activity as seen during locomotion
was much higher than the patient could voluntary recruit during resting positions
(Dietz et al., 1994; 1995; Dobkin et al., 1995; Wernig and Müller, 1992). In the few
patients whose voluntary muscle strength improved significantly, it was still too
small to account for their improved locomotive capabilities after training (Wernig et
al., 1995).
In conclusion, the general exercise effects on muscles and tendons cannot
account for the increased BWS as seen during treadmill walking and this strongly
suggests that another mechanism is responsible.
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5.2 Spontaneous recovery
Considering the capacity of the spinal cord to reorganize after injury, the onset of
training after injury could be an important feature. Experiments showed that
treadmill training could be effective for SCI persons within a wide range of different
onset of training after injury (Barbeau and Rossignol, 1994; Dietz et al., 1994;
1995; Dobkin et al., 1995, Wernig and Müller, 1992; Wernig et al., 1995). Two
classes of subjects are required to distinguish whether spontaneous recovery can
account for the improvements during treadmill training. On the basis of the fact that
most of the spontaneous recovery can be expected to occur within the first year
after injury, regardless of the type of therapy applied, one can make the rough clas-
sification of 'recent' lesions (<1 yr. post injury) and 'old' lesions (>1 yr. post injury).
Wernig et al. (1995) applied the interactive treadmill training to a large group of SCI
patients, either with recent or old lesions. In their study mainly functional recovery
was considered. Of the 'acute' (recent lesions) SCI patients who were wheelchair-
bound at the onset of treadmill training (N=36), 92% could walk independently
against 50% who received conventional therapy. This strongly indicates that the
effects of treadmill training cannot totally be ascribed to spontaneous recovery.
The fact that the onset of training after injury seems not to be a
predominating determinant for the effectiveness of the treadmill training suggests
that the potential to recover can persist for years after SCI. In cats it was shown
that the spinal cord also seemed to exhibit the plasticity over extensive periods of
time (Hodgson et al., 1994). Cats, which were learned to stand, could be trained to
walk over a period of 20 months, and conversely. These observations could be of
particular importance in the clinical situations where training can only be started
long after the lesion.
5.3 Supraspinal influences
In general the amplitude of locomotor EMG activity during treadmill training is
always lower in the SCI patients when compared to healthy subjects (Dietz et al.,
1994; 1995). This difference may be due to a reduction (or complete loss) of input
from descending noradrenergic pathways to the spinal locomotor centres. The
capability of the remaining intact descending pathways to influence the EMG
locomotor output, after spinal cord injury, was illustrated by Dobkin et al. (1995).
During assisted stepping on the treadmill, both complete and incomplete SCI
subjects were asked to either voluntary assist (active stepping) or passively
undergo the manually limb placements. In contrast to the patients with a complete
motor lesion, the persons with an incomplete SCI could alter their EMG activity.
Within several sessions of active stepping, amplitude or duration or both were
increased while the overall modulation pattern was maintained.
5.4 Spinal cord learning
Finally, one should consider the possibility that some of the locomotor activity of
SCI patients was learned. After SCI, restoration of motor function depends to a
certain extent upon reorganization of the CNS. The latter is thought to underlay
partly the functional recovery after injury. Indeed, evidence for learning at the spinal
level has been obtained even for the relatively simple two neuron (mono-synaptic)
reflex arc Wolpaw et al., 1983). Monkeys could either be trained to voluntary
increase or decrease the amplitude of the mono-synaptic stretch reflex in response
to an imposed muscle lengthening (Wolpaw et al., 1983) as well as to its electrical
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analogue (Wolpaw, 1987). Since the training effects persisted after spinalization
(Wolpaw and Lee, 1989), this indicated that some kind of learning is possible by
the spinal cord, thereby indicating the presence of some primitive form of 'spinal
intelligence'. Similarly, humans can be trained to change the gain of the mono-
synaptic spinal stretch reflex (Evatt et al., 1989; Wolf and Segal, 1996). With the
help of feedback of the biceps brachii stretch-reflex amplitude, subjects were able
to either increase or decrease this response on instruction.
6 Conclusions
As in cat, improvement of locomotor function is seen in both complete and
incomplete SCI persons when intensively trained on a treadmill by using BWS.
This suggests that spinal locomotor centres can be activated in paraplegic patients
in a manner similar to that in the chronic spinal cat after training on a treadmill. The
most important features are a better modulation pattern of EMG activity in muscles
of the lower extremities and the increased ability to support body weight. The
question whether the rhythmic EMG outputs are related to the CPG phenomena or
due to induced stretch is answered in favour of the CPG. Nevertheless,
proprioceptive reflexes can affect CPG output profoundly. The increase of EMG
amplitude in gastrocnemius medialis was ascribed to extensor reinforcing reflexes
from extensor load receptors. In cat these afferents are known to facilitate the
activity of the extensor half-centre and to inhibit the flexor half-centre and such
pathways may be functional in these patients as well. On the assumption that a
locomotor CPG exists in humans, it of utmost importance to have a good insight in
the specific afferent inputs to the CPG. Artificial application of these inputs may
lead to improved methods for the activation of human locomotor pattern
generators.
In contrast to the chronic adult spinalized cat, patients with a complete SCI
did not achieve the level of unassisted stepping with complete unloading of its body
weight. This can mean that supraspinal levels are more predominant in humans
than in cats. This may also account for the different effects of noradrenergic drugs
on locomotor activity as seen in cats and humans. This would implicate that the
'cat-model', lying at the basis of gait restoration in SCI persons, is not ideal for
complete SCI. A better model should emphasize the importance of supraspinal
levels, interacting with the spinal locomotor centres. This point is already
recognized in one line of research, which is concentrated on application of drugs
mimicking the action of descending pathways.
Although results with treadmill trained SCI persons are quite impressive, it is
suggested that further research and development of above mentioned
recommendations may lead to even better methods for restoring gait in SCI
patients.
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Chapter Three
Training with body weight support in chronic spinal cord injured persons
expresses improvement in the locomotor EMG pattern more optimally when
tested at a low treadmill speed
Abstract
Even though locomotor training with body weight support is becoming more
widespread as a valuable training method within the rehabilitation process, there
are still few studies that quantitatively describe how the improved locomotor
abilities are accompanied by changes in the electromyographic (EMG) leg muscle
activity. Until now, these studies were performed in spinal cord injured (SCI)
persons when training was started as soon as possible after the injury. The
interpretation of these results, however, bears some difficulties since one has to
take into account that spontaneous recovery can play an important role in the EMG
changes. A possible way to exclude the interference of spontaneous recovery with
the changes in the EMG locomotor pattern following treadmill training is to
investigate SCI persons long after injury. In addition, it is not known to what extend
the changes in EMG as described in these quantitative studies were representative
for the improved locomotor ability of the SCI subjects since the measurements
were performed at a treadmill speed that was set above the SCI subjects'
performance level. Since we expected that the changes in the EMG gait pattern
were more optimally expressed at a treadmill speed that mimics the independent
operational level of the subjects, we decided to study the training effects at two
speeds, one below and one above the final performance level of the SCI subjects.
In order to get insight in these issues, we studied 5 chronic incomplete SCI
subjects that were treadmill trained in combination with a body weight support
system. Once a week the training sessions were accompanied by measurements
of EMG activity of the leg muscles during two walking conditions. During the first
condition the treadmill speed was set at a slow speed of 0.5 km/h, which was
expected to be within the SCI subjects' abilities when training progressed. During
the second condition the treadmill speed was set above the SCI persons' abilities
(1.5 km/h).
Treadmill training with body-weight support was effective in improving the
walking ability on the treadmill in four out of five subjects investigated. One
subject with a much more severe lesion did not show any progress in walking
ability. In general, the improved walking was accompanied by an increase in the
EMG amplitude, which was most consistently present during the stance phase of
the step cycle in the antigravity muscles of the leg. Furthermore, the changes in
EMG amplitude were different for the two walking conditions. In general, the
changes in EMG amplitude occurred at similar phases of the step cycle during
both walking conditions but they were larger when the treadmill was set at a slow
speed. The observation that improvement is still possible even long after the
lesion suggests that the onset of training after injury is not a limiting factor for the
effectiveness of the locomotor training. Furthermore, we concluded that the
progress in walking ability is more optimally expressed during a slow rather than
during a high speed of the treadmill. Most probably, treadmill walking at low
speeds creates an environment that matches the actual performance level of the
SCI subject more closely. Finally, the results indicate that load related feedback
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to the proposed extensor half center of the central pattern generator might have a
general facilitatory influence on all antigravity muscles of the leg during the stance
phase of the step cycle and not just to ankle extensors.
Van de Crommert HWAA, Mulder Th, Rijken H, Kuppevelt D, Duysens J.
Locomotor training with partial body weight support in spinal cord injured persons:
improvement in the locomotor EMG pattern is more optimally expressed at a low
treadmill speed. Arch Phys Med Rehabil Submitted.
Van de Crommert HWAA, Rijken H, Nienhuis B, van Kuppevelt D, Mulder Th,
Duysens J. Effects of locomotor training with body-weight support in spinal cord
injured patients long after injury. Control of Posture and Gait. Duysens J, Smits-
Engelsman BCM, Kingma H (eds). 2001; 773-6.
1 Introduction
Based on the positive results that were achieved in retraining locomotor function
in spinalized cats following treadmill training (Barbeau et al., 1986; Barbeau and
Rossignol, 1987; Forssberg et al., 1980; Grillner, 1981; Lovely et al., 1990), about
the same approach has been applied to improve locomotor abilities in humans
after a spinal cord injury (SCI) (Barbeau and Rossignol, 1994; Dietz et al., 1994;
1995; Wernig and Müller, 1992; Wernig et al., 1995). The gait retraining strategy
for SCI persons consists of assisted walking on a treadmill in combination with a
body-weight support (BWS) system. With the help of this system the demand on
the subject for complete body weight support and for the maintenance of balance
and posture is reduced. Furthermore, Visitin and Barbeau (1989) showed that the
use of the BWS system enhances the possibility to express a more 'normal'
locomotor pattern. The help of two trainers sitting at each side of the treadmill
induces the expression of a more normal locomotor pattern further. They
manually assist the movement of the legs and their task consists of keeping the
locomotor movement of the legs as similar as possible to the one that is seen
during normal locomotion. The general idea behind this approach is to generate a
sensory context which may trigger the neural circuitry responsible for the
generation of locomotion (Duysens and Pearson, 1998; Van de Crommert et al.,
1998).
During the course of such intensive treadmill training an increase in walking
speed and covered distance and a decline in the extent of assistance needed
from the two helpers was seen (Dietz et al., 1994; 1995; Dobkin et al., 1995;
Wernig et al., 1992). Furthermore, the initial amount of BWS (about 40-50%) was
decreased in almost all SCI persons participating in the treadmill therapy. The
improved locomotor function, as seen on the treadmill, is also reflected in better
locomotor capabilities during overground walking (Wernig et al., 1992). Even
more important, better locomotor abilities were attained than in patients who
received the conventional therapy (Wernig et al., 1995). EMG measurements
showed that phasic muscle activity was present during assisted walking in both
complete and incomplete SCI persons (Dietz et al., 1994; 1995; Dobkin et al.,
1995; Harkema et al., 1997; Wernig et al., 1992). A more quantitative EMG
analysis by the group of Dietz showed that the EMG amplitude of gastrocnemius
medialis increased significantly during the stance phase of the step cycle in both
complete and incomplete SCI persons when training was started as soon as
possible after the injury (Dietz et al., 1994; 1995). Furthermore, Nymark et al. (1998)
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showed that the improved walking abilities of four incomplete SCI persons were
accompanied with improved timing of the muscle activity of several muscles in the
lower limb when training was started about two months after injury. However, the
interpretation of the results of the latter studies (Dietz et al., 1994; 1995; Nymark et
al., 1998) bears some difficulty since the subjects were trained short after injury.
One has to take into account that the spinal cord is able to reorganize shortly after
injury and that spontaneous recovery may have played an important role in the
EMG changes that occurred during the training program (for review see Van de
Crommert et al., 1998). A possible way to exclude the interference of spontaneous
recovery with the changes in the EMG locomotor pattern following treadmill training
is to investigate SCI persons long after injury. Although treadmill training with BWS
was considered to be effective in improving locomotor function (Dobkin et al., 1995;
Protas et al., 2001; Wernig et al., 1992; 1995) yet no study exists in which the
development of lower leg EMG muscle activity during locomotor training in
chronic SCI persons is described at a quantitative level.
Hence, the first question of the present study was whether changes in the
EMG locomotor pattern could still be found in incomplete SCI patients long after
injury. There are different ways to measure the changes in EMG activity during
the treadmill training program. Firstly, one can measure the EMG at the improving
performance level of the SCI person (similar to Nymark et al. (1998)). This means
that treadmill speed and amount of BWS is set to the ones that are obtained
when treadmill training progresses. In general, this means that one measures
EMGs at higher walking speeds and lower BWS when training progresses. The
advantage of this method is that one measures the performing level of the SCI
person but one can not clearly distinguish between the influence of the training
effect on the locomotor pattern and the influence of the increasing walking speed
and decreasing BWS on the EMG muscle activity while it is known that these
dependencies do exist (for EMG-walking speed relation see Hof et al., 2002; for
EMG-BWS relation see Colby et al., 1999; Finch et al., 1991). The other strategy
consists of performing measurements at a constant walking speed and constant
BWS. In the study of Dietz et al. (1994; 1995) the measurements were performed at
a constant treadmill speed of about 1.5 km/h and BWS was kept constant during the
latter part of the training program. This walking speed was chosen since assisted
stepping movements could be induced most easily at 1.5 km/h in complete SCI
persons and during the early part of the training in incomplete SCI persons (Dietz et
al., 1994; 1995). However, this walking speed can be rather high when compared to
the walking speed that is preferred by the incomplete SCI on the treadmill. For
example, the group of Wernig used a treadmill speed that was most comfortable
for the SCI subject resulting into a treadmill speed of about 0.6 km/h at start of the
training (Wernig et al., 1992) and increased until 0.9 km/h at the end of training.
Furthermore, Protas et al. (2001) reported that the treadmill speed was set at
about 0.4 km/h at the start of the training in the chronic incomplete SCI person
and treadmill speed increased to 1.2 km/h after 12 weeks of training. Hence, it is
clear that the EMG measurements that were performed by the group of Dietz
(Dietz et al., 1994; 1995) are at a walking speed that is relatively high when
compared to the walking speed that the incomplete SCI subject exhibits during
the treadmill training. The group showed convincingly that EMG improved in the
course of treadmill training. Nevertheless, the question arises whether EMG
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improvements are more optimally expressed when measurements are performed
at lower treadmill speeds.
Hence, the second purpose of our study is to gain insight into this issue. We
did this by examining how gait activation patterns developed during the course of
the training program during two different walking conditions. During the first
condition the treadmill speed was set above the SCI persons' abilities (1.5 km/h)
and during the other condition the treadmill speed was set at a slower speed (0.5
km/h), which was expected to be within the SCI subjects' abilities when training
progressed. Furthermore, the amount of BWS was 20% of the subjects' body
weight for all measurements. Hence, both walking speed and BWS were kept
constant during the measurements independent of the improvements in walking
speed and amount of BWS that were obtained when training progressed. We
hypothesized that when gait improved in the SCI person then the attained walking
abilities would have a positive impact on both conditions (0.5 and 1.5 km/h),
which in turn should result in changes in the EMG pattern during both walking
conditions. Furthermore, we expected that the changes in the EMG pattern would
be larger at a treadmill speed below the final performance level of the subject (0.5
km/h) since this situation mimics the independent operational level of the subjects
more when compared to assisted walking at 1.5 km/h. To optimally compare the
two different speed conditions it was essential to take into account the factor
speed as such. This was achieved by comparing the present data on SCI patients
at the two speeds used. Furthermore the patient data were compared with those
obtained on healthy subjects walking at a similar speed and with the comparable
BWS. Preliminary results have been published in Duysens et al. (2000b; 2001)
and Van de Crommert et al. (2001).
2 Methods
2.1 Subjects
Five subjects participated in the locomotor training program with BWS. The
clinical characteristics of these subjects can be found in Table 1.
Subject
no.
Age ASIA-
score
Level of
injury
Post-injury
(yr)
Motor- score
(left/right) leg
1 50 D T8 8 11/12
2 48 D C4/C5 25 16/19
3 26 D C4 6 17/15
4 53 C T7/T8 5 20/9
5 17 C L1 3 3/3
Table 1. Clinical characteristics: For each subject the age, ASIA-score, post-injury time, and
motor-score are listed. The motor-score for each leg is calculated following the ASIA
classification that grades five muscle groups of each leg from L2 to S1 roots (0=total paralysis
until 5=active movement against full resistance).
Based on the American Spinal Injury Association (ASIA) Impairment Scale and
neurological classification standards, two subjects were classified as ASIA C and
three subjects were classified as ASIA D. The level of injury differed from L1 to
C5 and the time between onset of training and injury was at least 3 years. For
each subject, the total motor-score of the muscles in the left and right leg was
calculated following the ASIA classification that grades five muscle groups from
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L2 to S1 roots (0=total paralysis until 5=active movement against full resistance).
Four subjects had a more or less symmetrical motor-score with respect to the left
and right leg. Instead, subject no. four had a clear a-symmetric motor score. All
subjects showed tendon jerk responses and had some degree of spasm
indicating that proprioceptive reflexes were preserved. The use of drugs that
might influence muscle tone has been stable for at least one month before the
start of training and did not undergo any changes during the training program.
The experiments were performed in conformity with the principles described in
the Declaration of Helsinki for experiments on humans
2.2 Training program
The main aim of the training program was to improve the locomotor ability of the
SCI subjects in terms of increasing walking speed together with a decrease in
assistance and BWS needed. The total training program consisted of 18 sessions
given during a period of 6 weeks (3 sessions per week) and each session
consisted of two times ten minutes locomotor training on the treadmill. The first
session consisted of assisted walking with the treadmill speed set at about 1.0-
1.5 km/h while the amount of BWS was adapted to the abilities of the SCI person.
The locomotor movements of the leg were assisted by two trainers each one sitting
at one side of the subject. The trainer had one hand just below the patella and the
other above the ankle and tried to keep the movement as similar as possible to
the one seen during normal gait. The assistance could be needed especially
around lift-off (i.e. forward motion of the limb; passive hip, knee, and ankle joint
flexion), during the swing phase until impact of the foot (i.e. extension of the
knee), and during the stance phase for stabilization of the knee. During the
assisted walking session the SCI person was asked to self-perform the assisted
stepping movements as much as possible. When the first session was finished
the SCI subject had a pause of 5 to 10 minutes before the second session
started. During the second session the walking speed and amount of BWS was
adapted to the SCI person in such a way that locomotor movements could be
performed as independently as possible. Especially during the first two or three
weeks of the training program, the SCI subject was not able to perform the
maximum independent locomotor movements during the whole second training
session for reasons of fatigue. Hence, when the locomotor movements during the
maximum independent walking session became less coordinated then this
session was continued with assisted walking, similar to the first session. For each
training session the training variables such as walking speed, amount of BWS,
degree of assistance, and duration of training were registered.
2.3 Experimental setup
The SCI subjects were trained on a treadmill from which the speed was adjustable
from 0.1 until 12 km/h in steps of 0.1 km/h. The patients wore a special designed
harness and were suspended in upright position from an active BWS system
(Balancer; Enraf Nonius) above the treadmill. This system allowed a continuous
adjustable proportion of the body weight to be supported by the subject. The
position of the SCI subject above the treadmill was kept in position with a band that
was attached to the back of the harness and to a fixed point of the treadmill in front
of the SCI subject. They could preserve balance by holding the horizontal bars that
were present in front and on the left and right side of subject. Care was taken that
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the subject did not transfer any body weight from the legs towards the arms when
holding the horizontal bars to preserve balance.
Once a week the training sessions were accompanied by measurements of
electromyographic (EMG) activity of the involved leg muscles (from start until end
of training; i.e. seven measurements in total). The EMGs of m. biceps femoris
(BF), m. rectus femoris (RF), m. gastrocnemius medialis (GM), and m. tibialis
anterior (TA) in both legs were measured by means of surface electrodes. In
order to make reliable EMG measurements during the total training program it
was ensured that the EMG electrodes (MediTrace) were positioned on a similar
location for each measurement by marking its position with a water-resistant felt-
tip. Furthermore, the skin was prepared carefully which consisted of shaving,
polishing (with conductive gel), and cleaning with alcohol, consecutively. Finally,
the quality of the skin-electrode contact was evaluated by means of an ohmmeter.
The raw EMG signals were pre-amplified (100 times) nearby the subject to
minimize signal distortion and were band-pass filtered (10–500 Hz) and amplified
a second time (adjustable from 500 until 104 times) before being stored on hard-
disk. Left and right foot contact was detected by very thin soles which were
instrumented with small switches (operating force: 1,96 N) and firmly attached to
the underside of the shoes with elastic straps. The analog signals were AD-
converted at a frequency of 2400 Hz and stored on hard-disk
The EMG measurements were performed during walking with the treadmill
speed set at 0.5 km/h and 1.5 km/h and will be referred to as the low speed
walking (LSW) and high speed walking (HSW) condition, respectively. For both
LSW and HSW condition the amount of body weight support was set at 20% of
the subjects' body weight. For each condition at least 15 step cycles were
recorded.
2.4 Data-analysis
After rectifying of the EMG signals, the first step in data-analysis was the
calculation of the mean of the EMG signals for the two conditions (LSW and
HSW) over the different step cycles as measured each week during the training
program. The ‘on’ and ‘off’ state of the foot contact data served as reference
points to normalize the individual stance and swing phase of each step cycle to a
relative time scale (stance phase: 60% of the step cycle and swing phase 40% of
the step cycle), respectively. The number of data points within each step cycle
was reduced to 100 by making use of the cubic spline interpolation method. An
example of such set of averaged EMG signals of the RF during LSW can be
found in Figure 2A. The mean EMG of the RF from start until end of training was
plotted beneath each other for each week.
An objective algorithm was used to calculate the time window within which
the main changes in the EMG profile following training took place. This was done
by calculating the standard deviation (SD) of the mean EMG profiles of each point
of the step cycle as measured for the consecutive weeks. A time window was set
when the SD was larger than the mean SD over the whole step cycle (see Figure
2B). Since we wanted to compare the LSW and HSW walking condition with each
other it was important that windows were set for both walking conditions. In the
case that no time window was set at a similar time interval of the step cycle for
both conditions, we determined a fictive time window. As a consequence of this
algorithm, no windows were set when no changes occurred in the EMG profiles
Chapter Three 47
for both walking conditions during the training program. The start and end point of
this window was determined by the calculated window settings of the other
condition in the same muscle. Within these time windows the root mean square
(RMS) of the original rectified EMG profiles of the different step cycles were
determined. Figure 2C presents the mean RMS EMG values of the RF as
determined for the different weeks within the time windows that were set for the
RF. In order to obtain the main effect of training on the RMS EMG value, we
decided to compare the results of the first three measurements (first two weeks of
training) with the results of the last four weeks of training (see Figure 2D).
A similar procedure was performed for the EMGs obtained for the HSW condition
and for all muscles investigated. In order to be able to compare the training
results between the different muscles and subjects, the mean RMS EMG values
of each muscle were normalized with respect to the maximum mean RMS EMG
value as was seen for that specific muscle. The statistical significance of the
difference in mean RMS EMG value between the two training periods was tested
with an one-way ANOVA (p<0.05).
2.5 EMG activity of healthy subjects
In a separate experiment, the EMG activity of ten healthy subjects was measured
during which the walking speeds and amount of BWS was set at comparable
values with the ones set for the SCI subjects. This study was performed in order
to obtain 'normal' EMG activity patterns for comparison. The EMG of BF, RF, TA,
and GM was measured. The subjects’ task consisted of walking on a treadmill at
the different walking conditions. A combination of different walking speeds and
amounts of body weight support (BWS) determined each condition. Walking
speed could take on values of 0.5 and 1.5 km/h and BWS was set at 25% of the
body weight. Furthermore, the experimental set-up and data-analysis
(determination of the mean EMG profiles) was similar to the ones described
earlier for the SCI subjects.
3 Results
3.1 Maximum voluntary walking ability on the treadmill
At the start of the training, none of the subjects could perform stepping
movements on the treadmill unless body weight was supported by the BWS
system. When body weight was supported for about 40%, four out of five subjects
were able to perform stepping movements with different degrees of assistance
needed from the two helpers. Since subject no. 5 had an almost complete spinal
lesion (see Table 1), he was not able to perform stepping movements on the
treadmill. Furthermore, the stepping ability of this person did not improve during
the treadmill training program. After three weeks of training we decided to stop
the training for this subject and the results of the EMG measurements of this
patient are not dealt with in this study any further. The other subjects (subject no.
1 until 4), instead, did improve their locomotor abilities in terms of an increasing
walking speed and a decreasing help from the BWS system and the two helpers.
It can be seen in Figure 1 that all subjects showed an increase in maximum
walking speed and ability to bear their own body weight during treadmill walking.
At the end of the training, these patients could walk with 0% BWS while walking
speed was at least doubled.
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The evolvement of the degree of assistance that was needed from the two
helpers when the subject walked at its maximum abilities (see Figure 1) is
presented in Table 2. For subject no. 2 and 4 the improved walking ability was
accompanied by a decrease in the degree of assistance needed from the two
trainers. For these two subjects assistance was no longer needed during the
stance phase but subject no. 4 still needed assistance during the whole of the
swing phase of the left leg and subject no. 2 needed lateral corrections to ensure
that the legs did not cross each other.
Figure 1. The development of walking speed and degree of BWS during maximum independent
walking of subject no. 1 until 4.
Subj. no. 1 2 3 4
Training
session
Right Left Right Left Right Left Right Left
Start - - 2a/b/c/d 1/2a/b/c/d - - 2a 2a/b/c/d
3 - - 2a/b/c/d 1/2a/b/c/d - - - 1/2a/b/c/d
6 - - 2a/b/c 1/2a/c 2c 2c - 2a/b/c/d
9 - - 2c 2c 2c 2c - 2a/c/d
12 - - 2c 2c 2c 2c - 2a/c/d
15 - - 2c 2c - - - 2a
18 - - 2c 2c - - - 2a/d
Table 2. Evolution of the degree of assistance as needed by the different subjects during
maximal independent walking on the treadmill. Explanation of the symbols used: (-)= no
assistance needed; (1)= help during stance phase; (2)=help during swing phase is divided into:
(a)= initiation of swing phase (b)=forward movement (c) lateral correction during forward
movement (d) foot placement.
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3.2 Evolvement of RMS EMG value during treadmill training
3.2.1 One Muscle in one subject
The first step in the EMG data analysis was the construction of the mean EMG
profiles of the different muscles as measured during the training program (see
Methods). Figure 2A shows the averaged EMG traces of the left RF of subject
no. 1 for the different weeks during the LSW condition (0.5 km/h and 20% BWS).
In order to describe the changes in the EMG profile following training, two
intervals were set during the step cycle. The start and end point of these time
windows were dependent on the variation in the EMG profiles as seen during the
different weeks of training (see Methods). Within each time window the RMS
EMG value of the individual steps during the different weeks was determined. In
Figure 2C the mean and standard deviation of the RMS EMG value is plotted for
each week.
Figure 2A. The EMG profiles of the left RF of subject no. 1 when assistance was minimized for the
consecutive weeks (0.5 km/h and 20% BWS). Two time windows were set for this muscle to
quantify the changes in EMG amplitude during the consecutive weeks. Figure 2B. The start and
end of the time window to quantify changes in EMG amplitude were determined by the standard
deviation of the EMG profiles over the consecutive weeks. When standard deviation (sd) was
larger than the mean sd over the whole step cycle (indicated by the horizontal line in the plot) a
time window was set. Figure 2C. Within each time window the mean RMS EMG value and sd of
all measured step cycles were determined for each week. Figure 2D. The main training effect
was determined by comparing the mean of the RMS EMG value during the first two weeks of
training (i.e. the first three measurements) with the mean RMS EMG value as observed during
the last 4 weeks of training. The statistical significance (p<0.05) of the difference in the mean
RMS EMG value of the two training periods is indicated above the bars of period 2 with an
asterisk.
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In order to determine the main training effect, the mean RMS EMG value of the
first three measurements (i.e. first 2 weeks of training) and the mean RMS EMG
value as observed during the last 4 weeks of training were determined and these
results are plotted in Figure 2D. It can be seen that the RMS EMG value of the
left RF increased significantly (indicated with an asterisk) in both phases of the
step cycle when training period one and two were compared.
A similar procedure, as described above for the left RF of subject no. 1,
was carried out for all the other muscles and for both walking conditions (HSW:
1.5 km/h and 20% BWS and LSW: 0.5 km/h and 20% BWS). The window
settings that were determined to calculate the RMS EMG value of the individual
muscles for subject no. 1 during both LSW and HSW can be found in the upper
two rows of Table 3 and 4.
muscle BF RF GMSubj.
no. condition left right left right left right
LSW 2-24 6-36 14-32 18-46 8-40 2-421
HSW 2-26 2-36 16-34 (18-46) 8-46 2-44
LSW 2-46 2-42 14-40 18-46 6-38 8-362
HSW 2-40 2-44 10-42 18-46 8-42 8-40
LSW 2-40 4-38 6-32 4-36 6-30 2-343
HSW 2-36 4-38 2-32 6-38 8-35 2-36
LSW 2-25 8-36 4-464
HSW (2-25) 6-38 6-42
Table 3. The start and end point of the time windows during the STANCE phase of the step cycle
as percentage of the whole step cycle (sd = ± 4%). At the top of the table the muscles for which
the time windows were set are indicated and at the left side of the table the subject number and
walking condition (LSW and HSW) are indicated. No windows were set when no changes in
EMG were noticed during both the LSW and HSW condition (see Methods). When a time window
is put in brackets this means that these window settings were based on the time window settings
of the other condition since changes in the RMS EMG value took place during one walking
condition, only (see methods).
muscle BF RF TASubj.
no. condition left right left right left right
LSW 82-100 86-100 56-70 56-92 54-1001
HSW (82-100) (86-100) 58-72 60-94 58-100
LSW 66-92 66-942
HSW 68-92 70-92
LSW 86-100 62-80 58-75 62-100 66-883
HSW 86-100 60-82 (58-75) 64-100 (66-88)
LSW 86-100 80-1004
HSW 84-100 84-100
Table 4. The start and end point of the time windows during the SWING phase of the step cycle
as percentage of the whole step cycle (sd = ± 4%). Similar conventions are used as in Table 3.
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Tables 3 and 4 represent the time windows as determined during the stance and
swing phase of the step cycle, respectively. It can be seen that all window
settings for both walking conditions are in close coincidence with each other for
all muscles. This means that changes in the RMS EMG values during the
training program took place at similar phases of the step cycle for both the LSW
and HSW condition. Hence, the RMS EMG values of both the LSW and HSW
condition can be compared with each other. Within these windows the mean
RMS EMG value of all muscles was calculated. The mean RMS EMG values of
the BF and RF as found during training period one and two for each phase of the
step cycle are plotted in Figure 3.
For the LSW condition (top of the Figure), it can be seen that the BF and
RF showed a significant increase in the RMS EMG value during the course of
the training program.
Figure 3. The normalized mean RMS EMG value (± standard deviation) of the biceps femoris
(BF) and rectus femoris (RF) in the left and right leg as determined for the two consecutive
training periods of subject no.1. At the top of each subplot the investigated muscle is indicated.
The results of both maximum independent walking (upper part of the figure: white bars) and
assisted walking (lower part of the figure: gray bars) are plotted. Since two time windows were
set for the BF and RF during one step cycle, two subplots are present for these muscles. Instead
of using the naming convention of window no.1 and no.2 (as was used in Figure 2D), in this
figure we refer to the phase of the step cycle where the changes in RMS EMG value took place
(i.e. stance phase, early and late stance phase). The absence of bars in the subplot of the right
RF during the early swing phase means that the RMS EMG value of the right RF did not change
during the training program for both walking conditions and therefore no windows were set. For
each muscle the statistical significance (p<0.05) of the difference in the RMS EMG value
between the two training periods is indicated with an asterisk at the top of the bar of period 2.
Furthermore, the increase in RMS EMG value was dependent on the phase of
the step cycle. For example, the RMS EMG value of the RF in the right leg did
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change during the stance phase but did not change during the early swing phase
of the step cycle.
In contrast to the LSW condition, it is apparent that not all RMS EMG values of
training periods one and two were significantly different during the HSW
condition. The BF of the left and right leg, for example, did not change
significantly during the late swing phase of the step cycle. An increase was also
absent in the RF of the right leg during both the stance and early swing phase of
the step cycle.
3.2.2 Results of all subjects
A similar procedure, as described above for subject no. 1, was carried out for the
other subjects. The time windows that were set during the stance and swing
phase of the step cycle of all subjects can be found in Table 3 and 4,
respectively.
When Tables 3 and 4 are considered, it is apparent that the time windows which
were set during the swing phase were less consistent over the different muscles,
subjects, and conditions when compared to the stance phase. None of the
subjects showed changes in the RMS EMG value in all muscles during the swing
phase of the step cycle, as was the case during the stance phase.
Similar to the EMG data analysis of subject no. 1, we calculated the mean RMS
EMG values during training period one and two for all subjects. In order to
compare the changes in the RMS EMG value between the two walking conditions
more easily, de RMS EMG value of training period one was subtracted from the
RMS EMG value of training period two. The subtracted RMS EMG values of the
different muscles and walking conditions as determined during the stance and
swing phase of the step cycle can be found in Figure 4 and 5, respectively.
In Figure 4, it can be seen that the RMS EMG value of the BF increased
significantly in all subjects for both walking conditions (the first column of graphs
of Figure 4). The increase in RMS EMG value of the BF was usually largest for
LSW condition. More or less similar results were obtained for the RMS EMG
value of the RF and the GM. However, exceptions were present too. The RF of
both legs and the GM of the right leg of subject no. 4 did not exhibit any changes
during the total training program. Furthermore, it can be seen that the RF in the
right leg of subject no. 1 showed an increase during the LSW condition, only.
Figure 5 presents the results that were obtained during the swing phase of
the step cycle. It can be seen that compared to Figure 4 more empty graphs are
present. This means that the changes in RMS EMG values during the swing
phase were less consistent across the different muscles and subjects when
compared to the stance phase of the step cycle. The changes in the RMS EMG
values during the swing phase of the step cycle were most consistent in the TA.
Three out of four subjects exhibited an increase of the RMS EMG value during
both walking conditions. Only two subjects showed changes in the RF at the
transition from stance into swing phase and three subjects showed an increase
in the RMS EMG value in the BF at the end of the swing phase. Furthermore,
the increase in RMS EMG value was less consistent for the RF and BF in the
HSW condition as compared to the LSW condition.
The change of the RMS EMG value was also dependent on the walking
condition. On average, the increase was 21 ± 6% and 34 ± 4% for the HSW and
LSW condition, respectively. The larger increase in RMS EMG value during the
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LSW condition when compared to the HSW condition was significantly present in
subjects no. 1, 2, and 3 (FLOW/HIGH(1,21) = 13.6, p<0.001; FLOW/HIGH(1,15) = 5.8,
p<0.05; FLOW/HIGH(1,21) = 6.5, p<0.05, respectively). In subject no. 4, we could
not calculate the significance level since only five muscles showed changes in
the RMS EMG value. Nevertheless, 4 out 5 muscles in this subject showed a
larger change in the RMS EMG value during the LSW condition than during the
HSW condition. Furthermore, the difference between the LSW and HSW
condition was most prominently present during the swing phase when compared
to the stance phase. On average for the HSW and LSW condition the increase
during the swing phase was 15 ± 5% and 35 ± 4%, respectively. This difference
in increase of the RMS EMG value was about 10 % smaller during the stance
phase. In the stance phase of the step cycle the mean change in the RMS EMG
value was 24 ± 7% and 34 ± 4% for the HSW and LSW conditions, respectively.
Figure 4. The difference of the normalized RMS EMG values between training period one and
two (± standard error mean) during the stance phase of the step cycle. The figure presents the
results of all subjects and muscles of the left and right leg during both walking conditions. The
results of the different subjects are plotted beneath each other while the investigated muscles of
the left and right leg are indicated at the top of the figure. The white and gray bars represents the
subtracted RMS EMG value (training period two minus training period one) as determined for the
LSW and HSW condition, respectively. This means that a positive RMS EMG value indicates that
the RMS EMG value was larger during training period two than during training period one
(increased RMS EMG value). When no bars are present in the subplots of the figure than this
means that no changes in the RMS EMG value occurred during the training program in both
walking conditions. The statistical significance (p<0.05) of the difference of the RMS EMG value
between period one and two is indicated with an asterisk.
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Figure 5. The difference of the normalized RMS EMG values between training period one and
two during the swing phase of the step cycle. A similar format is used as for Figure 4.
3.3 EMG activation patterns
In order to judge whether the EMG pattern of the SCI persons were 'normal' or
'abnormal', we measured the EMGs of ten healthy subjects. These subjects
walked with a walking speed and degree of BWS that was comparable to those
that were applied to the SCI persons. At the top of Figure 6 the mean normalized
EMG profiles as measured in the BF, RF, TA, and GM of ten healthy subjects
are presented. It can be seen the EMG modulation pattern altered when walking
speed was varied (1.5 km/h versus 0.5 km/h). For the BF the EMG amplitude
was larger during the first half of the stance phase and during the second half of
the swing phase. The RF and the GM exhibited larger EMG amplitude during the
first half of the stance phase and at the end of the stance phase, respectively.
Furthermore, it can be seen that the EMG activity of the BF was prolonged
during the stance phase when walking at a speed of 0.5 km/h instead of 1.5
km/h.
The EMG patterns of the muscles of the left leg of all SCI subjects are
depicted in Figure 6. In each graph the EMG modulation patterns during both
walking conditions as measured at the end of the training program are
presented. The thin and thick lines represent the LSW and HSW condition,
respectively. When we look at the different muscles it can be seen that the
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EMGs did not exhibit a clear and consistent speed dependency, as was the case
for the data of the healthy subjects. Furthermore, the EMG modulation pattern of
the muscles could differ considerably when compared to ones obtained in
healthy subjects.
Figure 6. The mean EMG activation patterns in healthy subjects (N=10) and of the individual SCI
subjects. The muscles investigated are indicated at the top of the figure. The dashed and solid
lines represent the EMGs when treadmill speed was 0.5 and 1.5 km/h, respectively. The stance
phase of the step cycle is indicated with the thick solid line at the bottom of each graph.
The RF of the SCI subjects remained active during the whole of the stance
phase while healthy subjects showed EMG activity during the first part of the
stance phase only. Furthermore, the second burst of EMG activity in the RF at
the transition from the stance into the swing phase was sometimes more
pronounced than in the healthy subject data. The EMG activity of the RF could
differ across the different SCI subjects. For example, the EMG modulation
pattern of the RF in subject no. 2 revealed a clear speed dependency, although
different than the one seen in healthy subjects.
The TA of SCI subjects exhibited mainly EMG activity during the first half of the
swing phase, while EMG activity during the second half of the swing phase and
first part of the stance phase was usually absent. Subject no. 3 and 4 showed
some activity during the stance phase of the step cycle as well. For subject no. 4
the normalized picture is somewhat misleading in that the overall absolute levels
of EMG were very low. This subject had a motor score of 0 when he was asked
to voluntary recruit the dorsal flexors of the ankle.
The EMG pattern of the BF in SCI subjects was basically similar to the ones
obtained in healthy subjects. In GM the EMG activity was predominantly present
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during most of the stance phase. In contrast to the healthy subject data, there
was GM EMG activity at the transition from the swing phase into the stance
phase of the step cycle. Furthermore, the EMG pattern of the GM of subject no.
2 was dependent on the walking speed.
The EMGs of the muscles of the right leg (not presented here) were similar
to the ones described above with a few exceptions. First, the speed dependency
of the EMG modulation pattern of the RF and GM in the left leg (subject no. 2 in
Figure 6) was not present for these muscles in the right leg. Furthermore, the TA
of the right leg of subject no. 4 was similar to one obtained in healthy subjects.
In conclusion, individual variations were seen in SCI subjects and speed
dependent changes were rare. The EMGs of the BF and GM exhibited most
coincidence with the EMGs found in healthy subjects.
The finding of EMGs that did not exhibit a clear speed dependency has
important implications for understanding the results that were described in the
previous section. It was concluded that the increase of the RMS EMG value was
larger for the LSW condition than for the HSW condition. However, as shown in
this section, this difference in increase in RMS EMG value did not result into
EMG patterns that were different in amplitude for the LSW and HSW condition at
the end of the training program. On average, the normalized RMS EMG value
during training period two was 91 ± 6% and 89 ± 7% for the LSW and HSW
condition, respectively. Consequently, the EMG had smaller amplitude during
the LSW condition when compared to the HSW condition at the start of the
training program. This was indeed the case when RMS EMG values are
considered of the different SCI subjects. On average, the normalized RMS EMG
value during training period one was 56 ± 4% and 68 ± 6% of the maximum
values for the LSW and HSW condition, respectively.
The smaller RMS EMG values during the low speed condition compared to
the high speed condition were significant in subject no. 1, 2, and 3
(FLOW/HIGH(1,21) = 6.3 p<0.05; FLOW/HIGH(1,15) = 5.2, p<0.05; FLOW/HIGH(1,21) =
5.5, p<0.05, respectively). In subject no. 4, the significance level was not
reached since five muscles showed changes in the RMS EMG value, only.
However, 4 out 5 muscles in this subject showed a smaller RMS EMG value
during the LSW condition than during the HSW condition.
4 Discussion
4.1 Improved walking ability
Treadmill training with body-weight support improved the walking ability of four
out of five subjects investigated. They achieved treadmill walking at a higher
walking speed together with a lower amount of BWS and less assistance
needed. In contrast to these subjects, one subject with a much more severe SCI
(near complete) did not show any progress in walking ability during the first part
of the training program. The latter result confirms earlier findings that severe
affected SCI patients lack functional recovery of gait (Dietz et al., 1994; 1995).
The observation that improvement in gait functioning is still possible long after
injury in the less affected incomplete SCI patients, is in line with findings of
Protas et al. (2001). They studied three incomplete chronic SCI subjects and
found that treadmill training with BWS improved gait in terms of increased
walking speed and endurance. In the present study, we extend the findings of
Chapter Three 57
improved locomotor abilities in chronic SCI subjects by considering the
evolvement of the EMG activation patterns when walking on a treadmill.
4.2 Functional changes of the EMG modulation pattern
During the training program, changes in the EMG patterns related to locomotion
were observed in most muscles investigated. The changes in the RMS EMG
value of the BF, RF, and GM took place during the first part of the stance phase.
The main action during this phase of the step cycle is body weight acceptance
and body weight bearing on the leg (Perry, 1992). During most of the stance
phase, the GM decelerates the lower leg to counteract the gravitational force.
Hence, the increase of the RMS EMG value of the GM during the stance phase
can be considered as functional meaningful. In addition, both the hamstrings and
the quadriceps play an important role in stabilizing the knee (Dubo et al., 1976).
Since the BF and RF are part of the hamstrings and quadriceps, respectively,
the increased RMS EMG value of the BF and RF during the early part of the
stance phase could have yielded a more stabilized knee joint. The changes in
the RMS EMG value of the BF, RF, and GM during the first part of the stance
phase probably yielded into an improved antigravity working of the loaded leg.
This is an important finding in the context of the theoretical background of
treadmill training (Dietz and Duysens, 2000; Duysens and Pearson, 1998; Van
de Crommert et al., 1998). Indeed, this theory states that activation of sensory
pathways, which have direct access to the central pattern generator (CPG), can
reestablish basic locomotor rhythmicity. One important group of sensory sources
that is assumed to have direct access to the CPG is related to load (see Pearson
1993; 1995; Rossignol 1996; Whelan 1996; for review: Duysens et al., 2000). It is
thought that the load-related input inhibit the premotor centre for the generation of
flexion during the stance phase and thereby exciting the motoneurones of extensor
muscles (Duysens and Pearson, 1998; Van de Crommert et al., 1998). Hence, in
this way limb loading yields into an extensor reinforcing activity during gait. This
theory is mainly based on animal data but there are indications that some features
might be applicable in humans too (Duysens and van de Crommert, 1998; Van de
Crommert et al., 1998). For example, Dietz et al. (1994, 1995) showed that the
EMG amplitude of the GM increased during the stance phase of the step cycle
following locomotor training with BWS when training was started short after injury.
The increase in GM EMG amplitude was due to training and not due to the direct
effect of loading and muscle stretch or spontaneous recovery. They argued that
reloading during treadmill training served as a stimulus for the extensor load
receptors and could enhance the activity in the GM. Similar to these results we
found that GM EMG activity also increased in SCI persons when trained long
after injury. These results show that the onset of training after injury is not an
important determinant to enhance GM EMG activity during the stance phase. In
addition, we showed that this increase in EMG activity is not restricted to the
GM, only. We showed that the increase of the RMS EMG amplitude was also
present in the RF and BF at a similar phase of the step cycle. Since these
muscles play an important role in the antigravity working of the leg during the
stance phase of the step cycle, these muscles might also be part of the
'extensor'-reinforcing system as well.
During the swing phase of the step cycle the changes in the RMS EMG
value were less consistent over the different subjects. The changes occurred
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during the early part of the swing phase in the TA and RF and during the end of
the swing phase in the BF. During the end of the stance phase and the first part
of the swing phase the foot is lifted from the ground and the leg is put forward.
Activity of the ankle dorsal flexors is needed to ensure that the foot does not
touch the ground during the swing phase. The activity of the RF during the pre-
swing phase is needed to prevent passive flexion of the knee (Perry, 1992). The
RF activity during the first part of the swing phase is two-folded. Firstly, it
decelerates the shank to prevent extensive knee flexion during the first part of
the swing phase (Nene et al., 1998) and secondly it augments hip flexion as
swing commences (Perry, 1992). Furthermore, the activity of the BF at the end
of the swing phase is necessary to damp knee extension (Van de Crommert et
al., 1996) and to decelerate the hip prior to footfall (Perry, 1992).
4.3 Differences between EMG envelope of SCI and controls
Changes in the RMS EMG value in the different muscle took place during
functional meaningful phases of the step cycle. Despite the improvement during
functional phases of the step cycle, the final EMG pattern of the SCI subject
could be rather different when compared with the healthy subject data. One of
the most striking differences was the absence of activity in the TA at the end of
the swing phase and the early part of the stance phase in SCI. During this part of
the step cycle the ankle dorsal flexors are needed to support the foot against the
plantar flexion force of gravity in order to ensure smooth foot placement. The
lack of TA activity was coupled to a lack in heel strike. Initial contact during the
stance phase was with the forefoot instead of the heel. This is a familiar
phenomenon in subjects with lesions within the central nervous system and is
also referred to as drop-foot (Burridge et al., 2001). It has been emphasized that
this late swing burst in TA is most probably cortically generated and does not
depend on feedback or on CPG activity (Schubert et al., 1997).
The RF burst in this transition period between swing and stance was also
mostly lacking in SCI. Furthermore, the activity in RF during end swing and early
stance phase was not clearly present. The RF EMG activity was prolonged
during the whole of the stance phase when compared to healthy subjects. The
RF burst at the transition from stance to swing has been related to stretch
responses in healthy subjects (Dietz et al., 1990a; b). In patients, lacking a heel
strike, this stretch is possibly delayed. The prolonged activity of the RF during
the stance phase was also observed in stroke patients (Hirschberg and
Nathanson, 1952).
In BF, the late swing burst has also been attributed to stretch reflexes
(Faist et al., 1999; Van de Crommert et al., 1996). The increase in amplitude of
this burst with speed (as seen here in the controls) is taken as evidence for this
stretch theory (Wisleder et al., 1990). Such speed dependence was mostly
absent in SCI (when 0.5 and 1.5 km/h were compared).
4.4 Comparison of the LSW-HSW condition
The increase of the RMS EMG value was different for the LSW and HSW
condition. On average, the increase of the RMS EMG value during the LSW
condition was about 10% larger than the one found during HSW. This difference
in degree of increase led to almost equal absolute RMS EMG values for both
walking conditions at the end of the training program. In contrast, during the
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early part of the training program the RMS EMG value was smaller during the
LSW condition when compared to the HSW condition. One could argue that the
difference in treadmill speed during the LSW and HSW condition (0.5 and 1.5
km/h, respectively) explains the higher EMG amplitude during the HSW
condition since higher walking speeds generally yield larger EMG amplitudes
(Ivanenko et al., 2002). Following this line of thought, however, one would
expect that this difference in EMG amplitude would still exist at the end of the
training program but this was not the case.
Hence, most likely some other explanation lies at the basis of our
observations. The treadmill speed of 1.5 km/h is rather high when compared to
walking speed that was obtained by the SCI person during the treadmill training
program. In all subjects, the treadmill speed during the LSW condition was lower
than the walking speed that the subjects obtained at the end of the training
program. During the HSW condition, instead, the applied treadmill speed was
higher than the walking speed that was obtained by the SCI at the end of
training. Hence, the conditions as set during the LSW condition were closer to
the actual performance level of the SCI subject during the training program while
this was not the case for the HSW condition. This could be the reason that the
progress in walking ability is more optimally expressed for the LSW condition
than for the HSW condition.
The difference between the LSW and HSW condition was most prominently
present during the swing phase of the step cycle when compared to the stance
phase. For some muscles very small changes occurred during the HSW
condition while large changes were present during the LSW condition (see
Figure 5). The finding of different degrees of changes in the RMS EMG
amplitude at different treadmill speeds has practical applications since it is clear
that training effects are underestimated, or even not detected, when patients’
performance is compared at a speed level which is not the most appropriate.
The fact that large changes were still observed even in suboptimal testing
conditions underlines the robustness of the improvements obtained with
treadmill training (Dietz et al., 1994; 1995).
5 Conclusions
Treadmill training with body-weight support can be effective in improving the
walking ability of chronic incomplete SCI persons on a treadmill. The observation
that improvement is still possible even long after the lesion suggests that the
onset of training after injury is not a limiting factor for the effectiveness of the
locomotor training. Therefore, treadmill training may have an important additional
value for the rehabilitation strategy as presently used for locomotor training of
spinal cord patients. The improved walking abilities were accompanied with
changes in the RMS EMG value of different muscles in the leg. It was shown
that these changes in the EMG modulation pattern of the different muscles
occurred during functional meaningful phases of the step cycle.
In addition to the known increase of the EMG amplitude in the GM following
locomotor training with BWS (Dietz et al., 1994; 1995), our results indicate that
this increase is not limited to the GM only. Our results indicate that the proposed
extensor half center of the CPG might have a general facilitatory influence to all
antigravity muscles of the leg during the stance phase of the step cycle.
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Furthermore, our results showed that the progress in walking ability is
accompanied with speed-dependent changes in the RMS EMG value. The
change in RMS EMG value was larger during a slow rather than during a high
speed of the treadmill. Most probably, treadmill walking at low speeds creates an
environment that represents the actual performance level of the SCI subject
more closely during the whole training program. It is suggested that training
effects have to be studied under conditions that are close to the patients’
performance level.
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Chapter Four
Biceps femoris tendon jerk reflexes are enhanced at the end of the swing
phase in humans
Abstract
The phase-dependent modulation of the biceps femoris (BF) tendon jerk
reflexes was investigated in a reduced form of walking. All subjects (12)
investigated showed tendon reflexes throughout the whole step cycle but the
amplitude was largest in the middle and late swing phase of the ipsilateral leg. It
is concluded that the normally occurring BF burst at end swing could be due to
stretch-induced activity.
Van de Crommert HWAA, Faist M, Berger W, Duysens J
Brain Research 1996; 734: 341-4.
1 Introduction
In the early part of the first extension (E1) phase the hamstrings are rapidly
stretched through the combined action of knee extension and hip flexion. In cat,
this stretch evokes a brisk discharge in spindle afferents from the hamstrings
(Prochazka et al., 1976). It has been suggested that the normally occurring
activation of biceps femoris (BF) at the end of the E1 phase of the hamstrings
originates to a large extent through stretch reflexes from afferent activity of
spindles in the hamstrings (Prochazka et al., 1976; Wisleder et al., 1990).
As in cat, the BF in humans is rapidly stretched during the E1 phase and there is
a large burst of spontaneous BF EMG activity following this stretch (Winter and
Yack, 1987). To know whether the latter activity could originate from stretch
reflexes it would be of interest to know the amplitude of the stretch reflexes
during this part of the step cycle. For other reflexes, such as those elicited by
cutaneous stimulation, it is known that the amplitude of reflexes is reduced in
this part of the swing phase during walking (Duysens et al., 1996). If the same is
true for stretch reflexes then it is unlikely that the BF activation at end swing is
reflexly generated. In contrast, if the amplitude of the stretch reflexes is large in
this period then this reinforces the hypothesis of a motion-dependent feedback
being involved in the recruitment of the BF at end swing.
2 Methods
To test this hypothesis, the BF tendon reflexes of twelve subjects were obtained
during walking. The subjects walked on a treadmill (with separate belts for right
and left foot) at a comfortable speed (4 km/h). A double force plate was used to
provide a record of the force exerted by each leg on the treadmill in order to
determine footfall and lift-off. The EMG activity of the BF was recorded by means
of surface electrodes. A similar method as described in a previous study (Dietz
et al., 1990) was used to elicit the tendon reflexes. A hammer with a moment
arm of 11-cm (weight 90 g) elicited the tendon reflexes. The hammer was driven
by a revolving field magnetic motor (weight of the whole apparatus 950 g; power
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120 W) fixed to the back of the lower left leg. The hammer was accelerated by
the motor to a constant angular velocity of 800 deg/s. A potentiometer located at
the motor's axis of rotation indicated the movement of the hammer. The moment
of impact of the hammer at the tendon of the BF could be derived from the signal
of the potentiometer.
During the experimental run, the BF tendon reflexes were elicited in 16
different points in time (equally divided) of the step cycle (phases). The tendon
taps were delivered at a predetermined delay, triggered by the exerted force of
the right leg. Every stimulus condition was presented 10 times. For every
stimulus trial (total N=160) a corresponding sample without stimulation was
taken. All 320 trials occurred in random order. The successive stimulus
presentations were separated by a random interval in the range that corres-
ponds to at least two cycles of unperturbed walking.
Stability of the stimulation conditions was a primary concern for the present
study. To reduce changes in the stimulus due to knee movement, the gait of the
stimulated leg was reduced as much as possible. This was done by moving only
the contralateral belt, so that they were able to perform a normal gait with the
contralateral leg and hold the ipsilateral leg as stiff as possible (‘reduced gait’,
see also Faist et al., 1995). In this way the maximum knee flexion was reduced
from 60o, during normal walking, to about 5o. During reduced gait, the remaining
rhythmical contractions on the ipsilateral side were mostly related to the periodic
shifts in weight from one side to the other.
From preliminary studies using sural nerve induced reflexes it appeared that
basic features of the phase-dependent modulation of these reflexes was
preserved in this type of gait as compared to normal gait (Duysens, Faist, Van
de Crommert and Berger; unpublished observations). Hence we were confident
that the basic modulation pattern of stretch reflexes may be unaltered as well
(this was confirmed in one subject).
Data were sampled in a time interval starting 100 ms prior to the trigger
and lasted for 1600 ms. The EMG was amplified (FM-microvolt amplifier, band-
width 1-500 Hz), full-wave rectified, AD-converted (1000 Hz) and stored on hard
disk along with the other signals (potentiometer of the hammer and force plates).
The 10 different trials of each stimulus or control condition were averaged.
To obtain the 'pure' reflex responses the averaged control trials were subtracted
from the corresponding stimulus trials. Windows were set around the earliest
reflex responses. Within this window, the mean EMG-values of the averaged
reflex and control activity were calculated for each phase. The resulting data
underwent both amplitude and a time normalization procedure in order to enable
a proper intersubject comparison. For the amplitude normalization the EMG data
were scaled for each muscle to the maximum control value in the step cycle (i.e.,
the maximum spontaneous activity during walking). Some subjects slightly
altered the step cycle duration during the experiments in comparison with the
trials measured prior to the experiments, probably as a consequence of the
hammer's impact. In these cases the predetermined time normalization (16
phases) was not suitable anymore and a new time normalization was made. This
was done by rescaling the data within the step cycle duration, as measured
during the experiments.
To determine the mean response of the whole population, the step cycle was
subdivided in 15 phases. The responses of the individual subjects were then
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regrouped into one of these intervals. For each interval the statistical
significance of the reflex responses was tested by comparing them to the
corresponding control activity with a Wilcoxon matched-pairs signed-rank test
(significance at p < 5% or <1%).
3 Results
The tendon jerk responses were present in all subjects investigated and
occurred roughly 18 to 24 ms (mean: 21 ± 2 ms) after the moment of impact of
the hammer at the tendon of BF. The responses lasted between 8 and 30 ms.
The results of subject no. 1 are shown in Figure 1.
Figure 1. Subtracted (reflex-control) averaged (n=10) tendon jerk responses in BF at 15 different
phases of the step cycle of subject no. 1. The responses are presented as they occur in the step
cycle. Along with the EMG of the BF, the signal of the hammer's potentiometer is given for each
phase. The constancy of the stimulation can be judged from the constancy of the ascending
slope of the hammer position signal (potentiometer) over the different phases. For phase 1 the
moment of impact of the hammer at the tendon is indicated by an arrow. Dark bar indicates the
stance phase. Time calibration 100 ms; y-axis calibration: EMG 1 mV, potentiometer 200o (same
bar for both calibrations).
The quantitative representation of the tendon jerk reflexes of this subject is
presented in Figure 2A along with those of the whole population (Figure 2B). For
this subject, the tendon jerk reflexes were present throughout most of the step
cycle but were clearly most prominent at the end of the swing phase (phase 15).
As can be seen in Figure 2A, the amplitudes of the reflexes were not strictly
related to the background activity. For example, at phase 1 the background
activity was about equal to phase 15 but the amplitude of the stretch responses
was much smaller at phase 1 than phase 15.
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Figure 2. Quantitative representation of the phase-dependent modulation of BF tendon jerk
responses of subject no. 1 (Figure 2A) and of 12 subjects (Figure 2B). Both reflex and control
data are based on the mean EMG as calculated within a time window set around the responses.
The data are normalized with respect to the maximum control activity in the step cycle. In B, the
responses were grouped into one of 15 phases (resulting in averages from 9 to 12 subjects for
each phase). Furthermore, the statistical significance and standard errors of the reflex responses
are indicated. Dark bar indicates the stance phase.
Similar conclusions could be reached for the averaged data for all subjects
(Figure 2B). Responses were present throughout the whole step cycle and
significant for all phases. The amplitude of the reflex responses was maximum at
the end of the swing phase (phase 15). As for subject no. 1, the amplitude of the
reflex responses was not strictly related to the ongoing background activity. For
example, for phase 1 and 15 (having comparable background activity levels) the
ratio reflex/control was 3.5 and 4.3, respectively (this ratio difference was
significant at p < 0.05; Wilcoxon). In contrast to subject no. 1, the amplitude of
the reflex responses did not increase abruptly but gradually throughout the swing
phase.
4 Discussion
Using exactly the same method, a previous study on human quadriceps (Dietz
et al., 1990a) showed that for this muscle the reflex amplitudes were at a
maximum in early stance, in agreement with an increase in H-reflex amplitude in
the same period (Dietz et al., 1990b). This is functionally meaningful since the
high gain can contribute to a rapid compensation of unexpected changes in load
in the period just after weight acceptance (as first proposed by Dietz et al. (1979)
for running). Presumably for the same reason the soleus stretch reflexes are at a
maximum in this part of the step cycle (Yang et al., 1991). The presently studied
muscle (BF) is not stretched in early stance but rather at end swing.
The present results show that the amplitude of the BF tendon jerk reflex is
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at a maximum near the end of the swing phase, in a period when this muscle is
normally very active both during ‘reduced’ (this study) and normal walking
(Duysens et al., 1996). This finding lends support to the hypothesis that
activation of this muscle at end swing is at least partly generated through stretch
reflexes (Prochazka et al., 1976). Furthermore the data illustrate that during this
critical period, just prior to foot placement, there is a highly differentiated control
of afferent and reflex pathways. In contrast to cutaneous reflexes in BF which
are suppressed in this phase during walking (Duysens et al., 1996), the
sensibility to cutaneous stimuli is at a maximum (subjective judgements of
intensity; see Duysens et al. (1995)). Similarly the BF stretch reflexes are then
largest. This reflex activation can support the basic activation pattern of the BF
to ensure appropriate velocity-dependent deceleration of hip flexion and knee
extension at the end of the swing phase.
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Chapter Five
Suppressive musculo-cutaneous reflexes in tibialis anterior following
upper leg stimulation at the end of the swing phase
Abstract
In the cat it is known that the distribution and modulation of the so-called P2
responses are similar, irrespective of whether they are obtained with electrodes
implanted in the different skin areas or in the various leg muscles. In man it is
known that the specific stimulation of cutaneous afferents from different parts of
the foot evokes P2 responses, the phase-dependent modulation pattern of which
exhibits both location-specific and common features. Responses generally differ
but one striking feature is the occurrence of suppressive responses in the tibialis
anterior (TA) of the ipsilateral (i) leg at the end of the swing phase independent
of the nerve stimulated. The question arises of whether this aspecificity is limited
to the foot. Can similar suppressive P2 responses in iTA be obtained when
afferents outside the region of the foot are stimulated during walking? If so this
would indicate that there is a very general suppression occurring of input to the
TA motor neuron pool, for example through presynaptic inhibition of a
corticospinal drive.
To answer this type of question the motor responses following
transcutaneous stimulation of the rectus femoris (RF) and the motor responses
following stimulation of the femoral nerve branch innervating the skin area above
the quadriceps were determined during human locomotion. Electromyographic
(EMG) activity in iTA was recorded by means of surface electrodes. In all
subjects (N=10), the first consistent responses following RF stimulation occurred
at about 80 ms post-stimulus. The amplitude of these responses showed a clear
phase-dependent modulation pattern. Facilitatory responses occurred during the
end stance and early swing phase and turned into suppressive responses at the
end of the swing phase. To investigate whether cutaneous afferents overlying
the RF determined some of the responses following transcutaneous RF
stimulation, the experiments were repeated following local anesthesia of the skin
under the stimulation electrodes. This did not affect the responses substantially,
indicating that most of the RF stimulation results were related to activation of
muscle afferents. A similar phase-dependent modulation pattern was found
following stimulation of cutaneous afferents of the femoral nerve (Fn). However,
this phase-dependent modulation pattern was less pronounced and less
consistent over the subjects when compared to the one found following RF
stimulation.
Our first conclusion is that the results show that P2 reflexes can be elicited both
by stimulation of cutaneous afferents in the foot and by proximal cutaneous
nerve and muscle stimulation. Secondly, it can be concluded that the
suppressive responses at the end of the swing phase are present for both RF
stimulation and stimulation of cutaneous afferents of the foot. This result
indicates that a wide variety of afferent inputs have a suppressive influence on
the input drive to TA motor neurons just prior to heel strike.
Van de Crommert HWAA, Steijvers PJM, Mulder Th, Duysens J
Experimental Brain Research 2003; 149: 405-12.
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1 Introduction
It is well known that the way in which specific afferent input changes the motor
output during locomotion is dependent on the phase in the step cycle. This was
extensively studied for human walking when cutaneous afferents in the foot were
stimulated (Duysens et al., 1990; Tax et al., 1995; Van Wezel et al., 1997; Yang
and Stein, 1990; Zehr et al., 1997). Electrical stimulation of cutaneous nerves in
the foot elicited responses of about 70-80 ms post-stimulus in both ipsi- and
contralateral leg and the amplitude of these responses was dependent on the
phase of stimulation (Van Wezel et al., 1997; Zehr and Stein, 1997). The
amplitude of these so-called P2 or middle latency (ML) responses could even
change from facilitatory into suppressive responses within the step cycle
(Duysens et al., 1990; Tax et al., 1995; Van Wezel et al., 1997; Yang and Stein,
1990; Zehr et al., 1997). Furthermore, it was shown that stimulation of different
cutaneous nerves in the foot (sural, peroneal, and posterior tibial nerves) yielded
P2 responses with both nerve-specific and nerve a-specific features (Van Wezel
et al., 1997; Zehr et al., 1997). Facilitatory P2 responses were present in the
ipsilateral (i) tibialis anterior (TA) at the end of the stance phase when the sural
nerve was stimulated, but not, or very seldom, when the other cutaneous nerves
(peroneal and posterior tibial nerves) were stimulated (Van Wezel et al., 1997;
Yang and Stein, 1990; Zehr et al., 1997). In contrast, suppressive P2 responses
occurred in the iTA at the end of the swing phase independent of the nerve
stimulated. The occurrence of common suppressive reflex action independent of
the nerve stimulated can be explained if the excitatory drive to TA is somehow
blocked following various sensory inputs, perhaps to prevent inadvertent TA
activation in this critical touchdown period. Because of this remarkable finding
the question arose of whether this suppression is even more generalized and not
limited to the nerves innervating the foot only. Such generalized effects would
not be totally unexpected in the light of previous work on animals. In cats it was
found that stimulation of various muscles or different sites of the skin in upper
and lower leg yielded similar P2 reflexes (Abraham et al. 1985; Duysens and
Loeb, 1980; for review: Rossignol et al., 1988).
In the present study we investigated whether such generalized reflex
effects also exist in humans by examining the iTA motor responses following
electrical stimulation of afferent sites other than the earlier described cutaneous
nerves of the foot. For this purpose, the motor responses in iTA following an
electrical evoked contraction of an upper leg muscle (rectus femoris) were
studied in the first part of the experiment. Such stimuli activate both muscle and
skin afferents. A contraction of the rectus femoris (RF) was achieved through
transcutaneous electrical stimulation and not through implanted wires (as was
done by Duysens and Loeb in cats (1980)). Although we specifically wanted to
stimulate the RF, the method of transcutaneous stimulation cannot avoid that
cutaneous afferents under the electrodes are stimulated too. To check to what
extent the responses to RF stimulation might be due to stimulation of the skin
under the electrodes, the RF stimulation experiment was repeated in a different
set of experiments with local anesthesia of the skin under the stimulation
electrodes. In the second part of the experiment the motor responses in iTA
following stimulation of the nerve innervating the skin area above the quadriceps
(sensory part of the femoral nerve) were determined.
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2 Methods
2.1 Experimental set-up.
The data presented in this article were collected during two separate
experimental sessions. The first session consisted of electrical stimulation of the
rectus femoris (RF) and the femoral nerve (Fn). Ten subjects participated in the
RF stimulation experiment and eight out of these ten subjects participated in the
Fn stimulation experiment. A different group of nine subjects took part in the
second session of the experiment during which the RF was stimulated with and
without local anesthesia under the stimulation electrodes. The subjects were
aged between 23 and 31 years and had no known history of neurological or
motor disorder. The subjects’ task was to walk at a constant pace on a treadmill
with the belt-speed set at 4 km/h. The tests were performed in conformity with
the principles described in the Declaration of Helsinki for experiments on
humans.
For stimulation of the RF two self-adhesive stimulation electrodes
(Biomedical Life Systems: Bioderm skin mounts: 4.3 x 4 cm) were positioned
longitudinally over the muscle (inter-electrode distance of approximately 15 cm)
of the left leg. This was done in such a way that the stimulus primarily evoked a
contraction in the RF. However, because of the size of the electrodes it was
possible that nearby muscles, belonging to the quadriceps, were recruited as
well.
The RF was stimulated with six different stimulus intensities which were based
on three intensity-related reference points (thresholds). These thresholds were
determined during quiet standing. In order of increasing intensity these
thresholds were:
1. Perception threshold (PT); stimulus-intensity which can just be sensed by
the subject
2. Muscle-contraction threshold; stimulus-intensity for which the stimulated
muscle makes a just perceivable contraction (determined by the
investigator)
3.  ‘Pain’ threshold; intensity that gave an unpleasant sensation to the skin
under the electrodes (determined by the subject).
The lowest stimulus intensity was set just above the muscle-contraction
threshold. The highest intensity was as high as tolerated by the subject but
never more than the pain threshold. The other four intensities were linearly
interpolated between the lowest (I=1) and highest intensity (I=6). No stimulus
intensity between perception and muscle threshold was applied since
preliminary experiments (four subjects were involved) showed that no reflex
responses occurred at these intensity levels.
For the RF stimulation experiment with local anesthesia, one intensity (I=5)
was applied. First, the RF was stimulated without the anesthetic cream.
Afterwards, the stimulation electrodes were removed and 5 gram of anesthetic
cream (EMLA; Pharmaceutica BV, Zoetermeer, active ingredient lidocaine
(25mg/g) and prilocaine (25mg/g)) was put on each skin area (surface
approximately 5 x 5 cm) where the stimulation electrodes were previously
attached, and covered with special plasters. After a pause of 2 hours, the cream
was removed and the stimulation electrodes were attached to the skin again and
the RF stimulation experiment was repeated. The effect of the EMLA cream on
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the PT after removing the plasters is shown in Figure 1 for one subject. It can be
seen that PT increased by 20-30% relative to the PT as measured for the other
leg.
Figure 1. The change in perception threshold (±SD) after the use of the anesthetic cream
(EMLA) as function of time (h) after removal of the plasters for one subject. The change in PT
following local anesthesia is given with respect to PT of the control (not anesthetized) leg.
This type of anesthesia is likely to affect mostly superficial layers. In order to
determine whether the EMLA cream mainly affected superficial or deep
sensations, pencil scratches with different degrees of pressure were applied on
the skin during the control and EMLA condition. During the EMLA condition it
was clear that the subjects did not sense the pencil scratches with light pressure
any longer. With higher pressure the pencil was perceived but the feeling
changed (to a ‘numb’ like feeling) as compared to the control condition.
For cutaneous nerve stimulation, an electrode (poles of 0.5 cm in diameter
and a fixed inter-electrode distance of 2.0 cm) was positioned over the sensory
part of the Fn (about 5 cm below the inguinal ligament in the direction of the RF)
of the subjects’ left leg. The exact location of the stimulation electrode was
determined according to the optimal irradiation in the skin overlying the RF and
care was taken that no muscle contractions were elicited. The stimulus electrode
was kept in position with elastic straps. For stimulation of the Fn, one intensity
was applied. The intensity was 6 times PT and the stimuli were not painful
according to the subjects.
For both transcutaneous muscle and cutaneous nerve stimulation the
electrical stimulus consisted of a train of 6 ms duration during which 3 bipolar
pulses of 2 ms duration were given. A custom-made constant-current amplifier
delivered the current intensities chosen.
Activation of TA in the ipsilateral leg was measured by an electromyogram
(EMG) recorded by means of surface electrodes. The raw EMG signals were
pre-amplified (10 times) close to the subject to minimize signal distortion. Then,
the EMG signals underwent a second amplification (adjustable from 0.25 to 5.0 x
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105), high-pass filtering (cut-off frequency at 3 Hz), full-wave-rectification, and
low-pass filtering (cut-off frequency at 300 Hz), similar to methods as reported in
previous publications (Duysens et al., 1996, Van Wezel et al., 1997). A very thin
insole switching system was used for the detection of foot contact (designed in
collaboration with Algra Fotometaal b.v., Wormerveer, The Netherlands).
2.2 Experimental protocol.
Before the experiments started the subjects had become accustomed to walking
on the treadmill and were able to walk at a constant pace with the belt-speed set
at 4 km/h. Furthermore, the subjects were familiarized with the electrical stimuli
as used during the experiments.
The stimuli were characterized by their time of occurrence during the step cycle
and by their intensity. For variations in timing, the step cycle duration
(determined during a stable walking pattern prior to the experiment) was divided
into 16 equal time-intervals (i.e. phases). Phases one and nine corresponded to
left and right heel strike, respectively.
To distinguish EMG responses from normal background EMG activity, trials
without stimulus were measured as well. All conditions (determined by phase
and by stimulus intensity) occurred ten times in random order with a random
interval of 3.5 to 5 s. This corresponded to at least two cycles of unperturbed
walking. Left or right footfall triggered a computer to start a trial with a
preprogrammed delay. The specific trial was measured from 100 ms before
stimulation until 1500 ms post stimulus. All signals (stimulus’ voltage and
current, EMGs, and foot contacts) were AD-converted at a frequency of 500 Hz
and stored on hard disk with a condition-specific code to enable data-analysis.
Another computer system enabled the on-line inspection of data.
2.3 Data-analysis.
The first step in data-analysis was the construction of the mean of the ten trials
for all conditions. This resulted in a set of ‘control’ (without stimulation) and a set
of ‘response’ data. The net EMG response was obtained by subtracting the
control data from the corresponding response data.
The latency or onset of the first consistent responses was about 80 ms
post-stimulus. The amplitude of these responses was quantified with a single
time-window (set by visual inspection of the data) for all phases (and for all
intensities for RF stimulation). Within this time interval the mean EMG activity of
all original control and response trials (n=10 per condition) was calculated. From
these window-averaged trial data, the mean and standard error (SE) of the
response amplitudes were obtained. Subsequently, the resulting data were
normalized with respect to the maximum control values as seen in the window-
averaged control data in order to enable proper inter-subject comparison. The
statistical significance of the responses was tested with a Wilcoxon matched-
pairs signed-rank test (p<0.05). The mean EMG amplitudes of the individual
trials from control and response data formed the 10 matched pairs. A similar test
was used to determine whether the responses following RF stimulation without
and with local anesthesia under the stimulation electrodes differed significantly.
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3 Results
3.1 Electrical stimulation of the rectus femoris
On the basis of the EMG responses in all subjects, we classified the responses
following RF stimulation into three groups, namely: early, middle, and late
latency responses (EL, ML, and LL responses, respectively). The EL, ML, and
LL responses had a latency of about 50, 80, and 105 ms, respectively. Since the
latency of the ML responses corresponds with the latency of the earlier
described P2 responses following cutaneous nerve stimulation of the foot (see
introduction), the ML responses are the main focus of this report and will also be
called P2 responses from now on.
3.1.1 Single Subject
The first step in data analysis was the determination of the mean of the 10 trials
for both the control and stimulus data for each phase of the step cycle. An
example of such a set of control data and the division of the step cycle into the
subsequent phases can be found in Figure 2.
Figure 2. The mean control EMG activity (n=10) of iTA in subject no. 1 during one step cycle.
Ipsi- and contralateral foot-contact are plotted below the iTA EMG activity. Time calibration: 100
ms; EMG calibration: 1 mV.
The reflex effect of stimulation was obtained by subtracting the control data from
the corresponding (i.e. similar phase and stimulus intensity) response data.
Hence, this resulted in 96 traces with subtracted data (16 phases and 6 stimulus
intensities) for each subject. Figure 3 shows such a set of subtracted traces of
iTA (0-200 ms post stimulus) for subject no. 1. For each intensity, the responses
for the 16 different phases are plotted beneath each other.
The first consistent responses appeared at about 80 ms post-stimulus (P2
response). At phase 1, the P2 response is suppressive (i.e. less than control
EMG activity). No responses occurred at phases 2 until 8. For phases 9, 10, and
12, two separated facilitatory (i.e. more than control EMG activity) responses (P2
and LL response) can be distinguished. At phase 11, a response with latency of
80 ms and long duration was elicited. At phase 13, only a P2 response was
elicited. At phase 15 and 16 the P2 responses were mostly suppressive and
were followed by facilitatory LL responses. When we compare the responses
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following stimulation at the different intensities, it can be seen that the responses
diminish gradually (decrease in amplitude and duration) when stimulus intensity
decreases from I=6 (highest) to I=1 (lowest). On the basis of these subtracted
traces, the window for quantification of the P2 responses was set at 80 to 105
ms post-stimulus as indicated with two thin lines (the beginning and end of this
window were mainly based on the phases when P2 responses were detectable
as separate responses: phases 1, 9, 10, 12, 13, 15, and 16). Within this window
the mean of the control and response trials (n=10) were calculated and
subjected to a Wilcoxon test (see Materials and Methods).
Figure 3. Subtracted iTA EMG activity of subject no. 1 for all phases and intensities following RF
stimulation. A typical set of 96 average (n=10 trials) subtraction traces is shown (0-200ms post-
stimulus). For each intensity (I=6 to I=1), the 16 phases are plotted beneath each other. Phases
1 to 10 and phases 11 to 16 correspond to the ipsilateral stance and swing phase, respectively.
The thin solid lines indicate the time-window that was set for the quantification of the P2
responses. Time calibration: 100 ms; EMG calibration: 1 mV.
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In Figure 4, the quantified P2 responses in iTA following stimulation at the
highest intensity for subject no. 1 are presented. At the top of the figure, both
control and response activity are shown. The resulting subtraction data with
corresponding significance can be found at the bottom of the figure. As can be
seen, there were no P2 responses during most of the stance phase (phases 2 to
8). From end stance to early swing (phases 9 to 13), statistically significant
(indicated with diamonds) facilitatory P2 responses with increasing amplitude
occurred. At the second half of the swing phase and the beginning of the stance
phase (phases 15, 16, and 1), these facilitatory responses turn into suppressive
ones (significant at phase 1).
Figure 4. The quantitative representation of the P2 responses in iTA of subject no. 1 following
stimulation of the RF with the highest intensity (I=6). At the top of the figure, both control and
response activity (±SE, n=10 trials) are shown. At the bottom of the figure, the resulting
subtracted data (±SE) are shown. The statistical significance of the responses (p<0.05) is
indicated by diamonds. The data are normalized with respect to the maximum locomotor activity
(100) as seen without stimulation. The ipsi- and contralateral stance phases are plotted below
the subtracted data.
3.1.2 Population average of P2 responses
The same procedure as described above was carried out for all subjects. The
mean latency of the P2 responses following RF stimulation was 81 ± 5 ms and
they had a mean duration of 26 ± 5 ms. The population averages of the
subtracted P2 responses following stimulation with the six different intensities
are given in Figure 5. At the top of the figure, the background activity of the iTA
is shown as well.
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In iTA, no responses occurred during the stance phase, while from early to mid
swing phase large facilitatory responses were elicited. The facilitatory responses
turned into suppressive ones at the end of the swing phase. An increase in
intensity of the stimulus yielded mainly an increase in the amplitude of the
facilitatory responses while there was little effect on the amplitude of the
suppressive responses. However, the basic phase-dependent modulation
pattern of the P2 responses in the iTA was unchanged when different stimulus
intensities were compared (see Figure 5).
Figure 5. Population average (N=10 subjects) of the subtracted P2 responses (±SE) in the iTA
following stimulation of the RF of all applied intensities (I=6 to I=1). The statistical significance of
the responses (p<0.05) is indicated by diamonds. At the top of these figures the background
activity of the iTA is shown. The data are normalized with respect to the maximum locomotor
activity (100) as seen without stimulation. The ipsi- and contralateral stance phase are plotted at
the bottom of the figure.
3.2 Electrical stimulation of the rectus femoris with local anesthesia
The phase-dependent modulation of P2 responses in the iTA following RF
stimulation without and with local anesthesia of the skin under the electrodes
was studied in a separate group (see Figure 6). The results without anesthesia
agree with those observed in the previous group. Furthermore, it can be seen
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that the basic features of the phase-dependent modulation pattern were
preserved when the skin under the electrodes was anaesthetized. None of the
EMG responses differed significantly (p<0.05) from each other for the two
conditions.
Figure 6. Population average of the subtracted P2 responses (±SE) in the iTA following
stimulation of the RF without (solid line) and with (dashed line) local anesthesia of the skin under
the electrodes. A similar format is used as for Figure 5.
3.3 Electrical stimulation of the Femoral nerve
Electrical stimulation of the Fn elicited responses with latency of 81 ± 5 ms and
duration of 24 ± 5 ms. Since latency and duration coincide with the latency and
duration of the responses following RF stimulation (81 ± 4 ms and 26 ± 5 ms,
respectively), these responses will be called P2 responses too. The quantitative
representation of the P2 responses as the mean of the whole population (N=8) is
found in Figure 7.
The amplitude of the facilitatory P2 responses elicited by Fn stimulation
was much smaller than the amplitude of the RF-induced P2 responses following
stimulation with the highest intensity. The mean phase-dependent modulation
pattern of the Fn stimulation induced responses in iTA was about similar to the
one obtained following RF stimulation with the lowest intensity: small facilitatory
P2 responses at the transition from stance into swing and suppressive P2
responses at the end of the swing phase. In contrast to the responses obtained
following RF stimulation, the responses following Fn stimulation were not
significant over the different subjects.
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Figure 7. Population average (N=8 subjects) of the subtracted P2 responses (±SE) in the iTA
following stimulation of the Fn. A similar format is used as for Figure 4.
4 Discussion
The main finding of the present paper is that P2 (or ML responses) are not
restricted to stimuli given to the foot but are also present for stimulation of
afferent volleys in the upper leg. Furthermore, the phase-dependent modulation
pattern of these responses bears some similarity to those found following
stimulation of cutaneous nerves of the foot.
4.1 P2 responses following RF and Fn stimulation
Both RF and Fn stimulation during gait yielded P2 responses with a latency of
about 80 ms and a duration of about 25 ms in iTA. The amplitude of the P2
responses following RF stimulation showed a clear dependency on the phase in
the step cycle. The phase-dependent modulation pattern of these responses
was dependent on the intensity stimulated (see Figure 5). An increase in
stimulus intensity yielded mainly an increase in the amplitude of the facilitatory
responses while there was little effect on the amplitude of the suppressive
responses. Secondly, it can be seen that the number of significant responses
decreased with decreasing stimulus intensity i.e. the responses became less
expressive over the subjects. For this reason, the present report mostly focused
on the phase-dependent modulation pattern following stimulation at high
intensities (i.e. I=3 to I=6). The main phase-dependent modulation pattern in TA
consisted of facilitatory P2 responses from end stance until mid swing phase and
suppressive responses at the end of the swing phase. The facilitatory responses
at the transition from stance into swing phase were consistent over the different
stimulus intensities. Instead, the small suppressive responses at the end of the
swing phase were significant only for stimulus intensity 4 and 6. Although not
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significant at intensities 3 and 5, suppressive responses were still present for 8
out of the 10 subjects investigated.
The phase-dependent modulation of the P2 responses was basically the same
for both RF and Fn stimulation but the amplitude of the facilitatory P2 responses
following Fn stimulation was much smaller than the responses following RF
stimulation with the highest intensity. The amplitude of the P2 responses
following Fn stimulation resembled most closely the amplitude of the P2
responses following RF stimulation with the lowest intensity. Furthermore, the
responses following Fn stimulation were more variable than the responses
obtained following RF stimulation (i.e. no significant mean responses occurred
as seen over the whole population). Nevertheless, 5 out of 8 subjects showed
facilitatory responses at the transition from stance into swing phase and 6 out of
8 subjects showed suppressive responses at the end of the swing phase.
Since the Fn innervates the part of the skin overlying the quadriceps, the
tendency towards a similar modulation pattern for RF and Fn stimulation could
indicate that the P2 responses following RF stimulation were mainly caused by
the local activation of the cutaneous afferents under the stimulus electrodes.
To evaluate the above-mentioned possibility, an additional experiment was
performed. The RF stimulation experiment was repeated with local anesthesia of
the skin under the electrodes. In this way, we can assume that electrical
activation of the cutaneous afferents under the electrodes is reduced (see
Materials and methods). The reduced cutaneous afferent input did not affect the
responses substantially. This indicates that the cutaneous afferents under the
stimulation electrodes had a minimal contribution to the observed P2 responses
following RF stimulation.
This result may seem in contradiction to the results obtained following Fn
stimulation since similarities between the P2 responses following Fn and RF
stimulation do exist. However, one should take into account that Fn was likely to
activate nerve afferents much more effectively than transcutaneous muscle
stimulation. From experiments in which cutaneous afferents of the foot were
stimulated, with the same method as for Fn stimulation, it is known that clear
reflex responses with large amplitudes were readily evoked at low intensities
(usually 2 times perception threshold see: Duysens et al., 1990; Tax et al., 1995;
Van Wezel et al., 1997; Yang and Stein, 1990; Zehr et al. 1997). Hence, the
small amplitudes of the P2 responses following strong Fn stimulation (6 times
PT) suggests that stimulation of cutaneous afferents of skin overlying the
quadriceps is distinctly less effective than stimulation of cutaneous afferents
from the foot. This suggestion is supported by the results of preliminary Fn
stimulation experiments on three subjects that revealed no responses when
stimulation intensity was below 4 times PT. Furthermore, the finding of
responses with small amplitudes when proximal skin sites are stimulated is
entirely consistent with results that have been obtained in cats. Duysens and
Loeb (1980) showed that stimulation through implanted electrodes in the plantar
or dorsal surface of the foot or the lateral surface of the ankle easily evoked
responses. In contrast, stimulation through implanted electrodes in proximal skin
sites such as the ventral or dorsal surfaces of the knee was much less effective
in producing such responses.
Hence, similar to these cat results the most likely interpretation of our Fn-
data is that stimulation of proximal skin sites is less effective in evoking clear P2
Chapter Five 79
responses as is the case when cutaneous nerves of the foot are stimulated. In
addition, this interpretation fits well with the conclusion that the cutaneous
afferents under the stimulation electrodes had a minimal contribution to the
observed P2 responses following RF stimulation.
4.2 The P2 responses following stimulation of the RF versus stimulation of
cutaneous afferents of the foot
Transcutaneous stimulation of the RF elicited responses with three different
latencies: EL (latency about 50-55 ms), P2 or ML (latency about 80 ms) and LL
(latency about 105 ms) responses. The finding of responses with three different
latencies is also reported in other studies in which cutaneous nerves of the foot
were electrically stimulated during human walking (Annis et al., 1992; Burke et
al., 1992; Duysens et al., 1990; Duysens et al., 1992; Tax et al., 1995; Van
Wezel et al., 1997; Yang and Stein, 1990; Zehr et al. 1997). These responses
were classified into three groups: EL or P1 (latency about 50 ms), ML or P2
(latency about 80 ms) and LL or P3 (latency > 100 ms) responses. Similar to our
P2 responses, the P2 responses following stimulation of cutaneous nerves of the
foot were the first consistent responses. The present observation that muscle
stimulation elicits similar responses to those seen after skin stimulation is in line
with cat data. Duysens and Loeb (1980) showed that the same type of
responses (P1, P2, P3), as observed with skin stimulation, were obtained when
various leg muscles (such as flexor digitorum longus, FDL and medial
gastrocnemius, MG) were stimulated with implanted electrodes. Similarities also
extend to the phase-dependent modulation.
The phase-dependent modulation of the presently described P2 responses
in the iTA showed most similarities with the results following stimulation of the
sural nerve. Both facilitatory responses, at the transition from stance into swing,
and suppressive responses, at the end of swing phase, were present. For the
other two nerves to the foot (tibial and peronal nerve), the facilitatory responses
at the transition from stance into swing phase were not clearly present. In
contrast, the suppressive P2 responses were present at the end of the swing
phase for both nerves. The common presence of suppressive responses at the
end of the swing phase following stimulation of the RF, and all cutaneous nerves
of the foot indicates that these suppressions are not strictly related to the
cutaneous afferents in part of the foot only (Duysens et al., 1990; Yang and
Stein, 1990). The presence of suppressive P2 responses in iTA at the end of the
swing phase following stimulation of afferent sites in the upper and lower leg
during human walking may point to a common mechanism for controlling these
reflexes during rhythmic locomotor movements.
4.3 Possible common mechanism involved in the modulation of P2 responses
Such a mechanism for the control of the response amplitude could be of
peripheral (interaction between afferents, for example at pre-synaptic level)
and/or of central origin (locomotor circuitry, see Duysens et al. 2000). Several
studies (Brooke et al., 1999; Duysens et al., 1996; Zehr et al., 2001) have
provided support in favor of the central instead of the peripheral regulation of
cutaneous responses of the foot. For example, Brooke et al. (1999) showed that
the amplitude of the cutaneous responses was little modulated during passive
cycling movement of the leg indicating that movement-related sensory
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information did not play an important role in the modulation of cutaneous reflex
pathways during cyclic leg movements. In the context of this paper, the present
results must then be interpreted as if a central mechanism (at spinal cord,
brainstem, and/or supraspinal level) exerts a general suppression during the end
of the swing phase on the pathways involved. Recent studies using magnetic
stimulation of the motor cortex have shown that TA is easily recruited during the
step cycle (Capaday et al., 1999; Pijnappels et al., 1998; Schubert et al., 1997).
The cortical induced TA facilitation reached maximal values in TA prior to and
during late swing phase. If we assume that the TA burst at end swing is largely
due to corticospinal input, then the present data would fit the idea that there is a
strong generalized suppression possible of this corticospinal pathway. This
suggestion seems plausible since the experiments of Pijnappels et al. (1998)
showed that the suppressive responses at the end of the swing phase following
sural nerve stimulation were slightly reduced when extra corticospinal input was
given.
4.4 Functional implications
The suppressive responses in iTA at the end of the swing phase following
stimulation of cutaneous nerves in the foot have been described as the proper
response to disturbances for the preservation of balance during the step cycle
(Zehr and Stein, 1999). The suppressive response would lead towards a plantar
flexion of the ankle (Duysens et al., 1992) which at most provides a faster
contact of the whole foot on the ground. Our results show that these suppressive
responses are not restricted to cutaneous afferents in the foot but have a more
general occurrence. This indicates that it must be important for the central
nervous system to prevent the activation of ankle dorsiflexors for any of a broad
range of perturbations occurring at end swing.
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Summary
In the central nervous system there exists a remarkable organization of neural
networks which are able to evoke rhythmic coordinated muscle contractions. One
such specialized network is thought to underlie the repetitive muscle activity as
seen during locomotion and is referred to as a locomotor CPG (central pattern
generator). In the cat, there is good evidence for such a locomotor rhythm
generating structure at the spinal level. This rhythm generating structure normally
receives supraspinal and afferent input, yet in its absence it can still generate a
pattern which often closely mimics the one seen during normal locomotion. In
contrast to the abundance of animal data leading to the general assumption of a
CPG underlying the central control of locomotion, there is relatively little known
about spinal networks acting like CPGs in humans. The most convincing evidence
for a CPG, i.e. fictive locomotion, has no direct equivalent in human subjects.
Nevertheless, several recent lines of research have provided observations which
support the notion of a human CPG (Chapter One).
This is of particular interest in view of recent advances made in the
rehabilitation of patients with spinal cord lesions. In the last years it has become
possible to regain some locomotor activity in patients suffering from an incomplete
spinal cord injury through intense training on a treadmill in combination with a body
weight support (BWS) system. The ideas behind this approach owe much to
insights derived from animal studies. Several studies have shown that cats with a
complete spinal cord transection could recover locomotor function when they were
trained on a treadmill. The recovery of locomotion in these spinalized cats was
thought to rely on the (re)activation of the spinal CPGs by adequate input of
afferents which have strong connections with such neuronal networks (Chapter
Two).
We have shown in Chapter Three that treadmill training with body-weight
support can be effective in improving the walking ability of SCI persons with a
chronic incomplete SCI. The improved walking abilities were accompanied by
changes in the muscle activation pattern of the involved leg muscles during
functional meaningful phases of the step cycle. The observation that
improvement is still possible even long after the lesion suggests that the onset of
training after injury is not a limiting factor for the effectiveness of the locomotor
training. Furthermore, we have shown that the progress in walking ability was
more optimally expressed during a slow rather than during a high speed of the
treadmill. It is suggested that training effects have to be studied at a rather low
treadmill speed. Most probably, this condition matches the actual performance
level of the spinal cord injured patients more closely (Chapter Three).
In the cat, specific afferents are known to facilitate the activity of the extensor
half-centre and to inhibit the flexor half-centre of the CPG. The result that similar
improvements of the locomotor function are seen in SCI persons suggests that
such pathways may be functional in these patients as well. Indeed, it was shown
that the electromyographic (EMG) activity in the m. gastrocnemius medialis (GM)
increased during the stance phase of the step cycle when trained on a treadmill
with BWS (Dietz et al., 1994; 1995). In addition to this result, we have shown
that the facilitatory influence on the putative extensor half center of the CPG
during the stance phase is probably not limited to the GM only. Instead, our
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results indicate that the proposed facilitatory influence extends to all antigravity
muscles of the leg during the stance phase of the step cycle (Chapter Three).
Hence, despite the independent character of the CPG it is clear that
proprioceptive information can affect CPG output profoundly. In addition to the
indirect influence of afferent feedback on motor output by way of the CPG there
also exists a more direct impact on motoneurones. For example, Ia afferents are
known to act via monosynaptic pathways on motoneurones (stretch reflexes) and
the question arises whether these short latency reflexes can possibly contribute to
the EMG locomotor pattern. We have shown that the amplitude of the biceps
femoris tendon jerk reflex is at a maximum near the end of the swing phase of
the step cycle in healthy subjects when this muscle is normally active (Chapter
Four). Hence, it is likely that stretch reflexes play an important role in the
generation of hamstring activity and lends support to the hypothesis that
activation of this muscle at the end of the swing phase is at least partly
generated through stretch reflexes. This reflex activation can support the basic
activation pattern of the BF to ensure appropriate velocity-dependent
deceleration of hip flexion and knee extension at the end of the swing phase.
In order to improve the locomotor training for neurological impaired
persons, some research groups have suggested to add the technique of
functional electrical stimulation (FES) to the treadmill training program with BWS.
Within the current stimulation programs one usually considers only the direct
biomechanical effect of the artificial muscle contraction. When one wants to
optimize the stimulation programs, however, it is important to know that reflexes
can occur in muscles other than the stimulated muscle (Chapter Five). The
main finding of this chapter was that reflex responses were present in the tibialis
anterior (dorsal flexor of the foot) when an upper leg muscle (quadriceps) was
artificially activated by an electrical stimulus during locomotion. The amplitude of
these responses was dependent on the phase of the step cycle. Large
facilitatory responses were present during the early swing phase of the step
cycle and small suppressive responses were present at the end of swing phase
in tibialis anterior. When the behavioral characteristics of reflex effects following
muscle stimulation are known in more detail it can contribute to the improvement
of the existing stimulation programs in patients.
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Samenvatting
In het centrale zenuwstelsel zijn neurale netwerken dusdanig georganiseerd dat
deze in staat zijn om gecoördineerde spieraanspanningen herhaaldelijk uit te
voeren. Over het algemeen wordt gedacht dat zo’n neuraal netwerk ook actief is
tijdens het lopen en wordt ook wel centrale patroon generator (CPG) genoemd. Bij
katten hebben experimenten aangetoond dat een CPG op spinaal niveau is
gelegen. Normaal ontvangt de CPG zowel supraspinale als afferente informatie,
maar zelfs zonder deze informatie kan de CPG een activeringspatroon genereren
dat bijna gelijk is aan datgene wat men tijdens normaal lopen waarneemt. In
tegenstelling tot de grote hoeveelheid resultaten afkomstig van dierexperimenten,
die hebben geleid tot de algemene veronderstelling dat een CPG een centrale rol
speelt tijdens lopen, is er maar weinig bekend over het bestaan van CPGs bij de
mens. Het meest overtuigende bewijs, namelijk fictief lopen, heeft men bij mensen
niet kunnen vaststellen. Desalniettemin, heeft onderzoek aanwijzingen opgeleverd
die het bestaan van een CPG in mensen aannemelijk maakt (Chapter One).
Het mogelijk bestaan van een CPG bij de mens is van bijzonder belang in de
context van de recente vooruitgang die op het gebied van revalidatie bij patiënten
met een dwarslaesie is geboekt. Gedurende de laatste jaren is het mogelijk
geworden om bij mensen met een incomplete dwarslaesie het lopen te verbeteren
door middel van een intensieve training op een loopband in combinatie met een
systeem dat het lichaamsgewicht gedeeltelijk ondersteund. Het gedachtegoed
achter deze nieuwe therapie is in belangrijke mate voortgekomen uit resultaten van
dierexperimenteel onderzoek. Verscheidene studies hebben laten zien dat katten
met een complete dwarslaesie hun loopfunctie herstelden indien ze op de
loopband werden getraind. Er wordt gedacht dat het herstel van deze loopfunctie
sterk is gerelateerd aan de (re)activering van de CPG door specifieke input van
afferenten die een sterke binding met deze CPG hebben (Chapter Two).
In Chapter Three hebben we aangetoond dat loopbandtraining met
gewichtsondersteuning een positieve invloed kan hebben op de loopfunctie van
patiënten met een chronisch incomplete dwarslaesie. Deze verbetering in
loopfunctie ging gepaard met functionele veranderingen in het
activeringspatroon van verschillende beenspieren. Het resultaat dat deze
verbeteringen ook lange tijd na de ruggenmergbeschadiging mogelijk zijn,
betekent dat de tijd tussen de start van de training en het oplopen van de laesie
geen beperkende factor voor de effectiviteit van deze looptraining is. Deze
veranderingen waren duidelijker aanwezig bij een lage, dan bij een hoge
snelheid van de loopband (Chapter Three). Trainingseffecten tijdens
loopbandtraining kunnen dus beter bestudeerd worden tijdens een lage snelheid
van de loopband. Waarschijnlijk vormt het uitvoeren van loopbewegingen bij een
lage loopbandsnelheid een betere benadering van het werkelijke prestatieniveau
van de patiënt dan bij een hoge loopbandsnelheid.
Bij katten is het bekend dat specifieke afferente informatie het extensor
halfcentrum van de CPG kan activeren en de activiteit van het flexor halfcentrum
kan inhiberen. De vergelijkbare resultaten die na loopbandtraining worden geboekt
bij zowel gespinaliseerde katten als dwarslaesie patiënten wekken de suggestie
dat de zojuist vernoemde neurale circuits ook operationeel zijn bij
dwarslaesiepatiënten. Het is aangetoond dat de spieractiviteit van de
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gastrocnemius medialis toeneemt tijdens het trainingsprogramma op de loopband
gedurende de standfase van de stapcyclus (Dietz et al., 1994; 1995). Aan dit
resultaat hebben wij toegevoegd dat de faciliterende werking tijdens de
standfase van het vooronderstelde extensor halfcentrum niet alleen tot de
gastrocnemius medialis is beperkt. Onze resultaten lijken te ondersteunen dat
een mogelijke extensor halfcentrum een algehele faciliterende invloed heeft op
de activiteit van de ‘antizwaartekracht’ spieren van het been tijdens de standfase
van de stapcyclus (Chapter Three)
Uit voorgaande blijkt dat afferente informatie een belangrijke bijdrage kan
leveren aan spieractivering. Behalve deze indirecte invloed van afferente
informatie op spieractiviteit via de CPG, bestaat er een meer directere vorm van
afferent beïnvloeding op het motor systeem. Afferenten die gevoelig zijn voor
lengteverandering van spieren hebben een monosynaptische verbinding met de
motorneuronen en de vraag is dan ook of deze reflexen een bijdrage leveren
aan het spieractiveringspatroon tijdens lopen. Wij hebben aangetoond dat de
biceps femoris peesreflexen het grootst zijn aan het eind van de zwaaifase van
de stapcyclus gedurende een periode wanneer deze spier tijdens normaal lopen
ook actief is (Chapter Four). Dit betekent dat rekreflexen een belangrijke rol
kunnen spelen in het genereren van hamstringactiviteit en geeft ondersteuning aan
de hypothese dat de activiteit van de biceps femoris voor tenminste een gedeelte
door rekreflexen wordt gegenereerd.
Om de looptraining voor neurologisch aangedane mensen te verbeteren
hebben verscheidene onderzoeksgroepen gesuggereerd om functionele
elektrostimulatie (FES) aan de looptraining met gewichtsondersteuning toe te
voegen. In het algemeen beschouwt men binnen de huidige spierstimulatie
programma’s alleen de directe biomechanische effecten van de uitgelokte
spiercontractie. Wij hebben echter aangetoond dat reflexmatige
spieraanspanningen kunnen optreden in spieren anders dan de artificieel
geactiveerde spier (Chapter Five). De belangrijkste bevinding van dit hoofdstuk
was de aanwezigheid van reflexen in the tibialis anterior (dorsaal flexor van de
voet) indien een bovenbeen spier (quadriceps) tijdens het lopen elektrisch werd
geactiveerd. De amplitude van deze reflexen was afhankelijk van het moment
van stimulatie in de stapcyclus. Grote facilitatoire responsies waren aanwezig
tijdens het begin van de zwaaifase en kleine suppressieve responsies waren
aanwezig in de tibialis anterior aan het eind van de zwaaifase. Indien de
karakteristieken van de reflexeffecten als gevolg van spierstimulatie bekend zijn,
dan kunnen deze een bijdrage leveren aan de verbetering van de bestaande
spierstimulatieprogramma's voor patiënten.
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